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HGF induces FAK activation and integrin-mediated adhesion in MTLna breast 
carcinoma cells. 

Beviglia L; Kramer R H 

^Department of Stomatology, University of California, San Francisco, San 
Francisco, CA, USA. 

International journal of cancer. Journal international du cancer (UNITED 
STATES) Nov 26 1999, 83 (5) p640-9, ISSN 0020-7136- -Print 
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Contract/Grant No. : DE 11436; DE; NIDCR 

Publishing Model Print 

Document type: Journal Article 

Languages : ENGLI SH 

Main Citation Owner: NLM 

Record type: MEDLINE; Completed 

Expression of hepatocyte growth factor (HGF) and its tyrosine 
kinase receptor, c-Met , is positively correlated with 

breast carcinoma progression. We found that in invasive and metastatic 
MTLn3 breast carcinoma cells, HGF stimulated both initial adhesion to and 
motility on the extracellular matrix (ECM) ligands laminin 1, type I 
collagen, and fibronectin. Next, analysis with function-perturbing 
antibodies showed that adhesion to the different ECM proteins was 
mediated through specific betal integrins. In MTLn3 cells, HGF induced 
rapid tyrosine phosphorylation and activation of both c-Met and focal 
adhesion kinase (FAK) . Cell anchorage and adhesion to the ECM substrates 
was required for HGF-induced FAK activation, since HGF failed to trigger 
tyrosine phosphorylation of FAK in suspended cells. Our results provide 
evidence that the 2 signaling pathways, integrin/ECM and c-Met/HGF, 
cooperate synergistically to induce FAK activation in an adhesion-dependent 
manner, leading to enhanced cell adhesion and motility. Moreover, we found 
that a FRNK (the FAK-related non-kinase) -like molecule is expressed in 
MTLn3' cells. Since FRNK acts as a competitive inhibitor of FAK function, 
our results suggest that a FRNK-like protein could facilitate disassembly 
of focal adhesions and likely be responsible for the HGF-induced scattering 
and motility of MTLn3 cells. Copyright 1999 Wiley-Liss, Inc. 

***1999*** , 

Expression of hepatocyte growth factor (HGF) and its tyrosine 
kinase receptor, c-Met , is positively correlated with 

breast carcinoma progression. We found that in invasive and metastatic 
MTLnS breast carcinoma cells, HGF stimulated both initial adhesion to and 
motility on the extracellular matrix (ECM) ligands laminin 1, type I 
collagen, and fibronectin. Next, analysis with function-perturbing 
antibodies showed that adhesion to the different ECM proteins was 
mediated through specific betal integrins. In MTLn3 cells, HGF induced 
rapid tyrosine phosphorylation and activation of both c-Met and focal 
adhesion kinase (FAK) . Cell anchorage and adhesion to the ECM substrates 
was required. . . 

... suspended cells. Our results provide evidence that the 2 signaling 
pathways, integrin/ECM and c-Met/HGF, cooperate synergistically to 
induce .FAK activation in an adhesion-dependent manner, leading to enhanced 
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Presence and tyrosine phosphorylation of c-met receptor in human 
sperm . 

Herness E A; Naz R K 
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The c-met receptor is a pl90MET tyrosine kinase 
proto-oncoprotein that through its binding to its ligand, designated 
hepatocyte growth factor (HGF) , induces mitogenic, motogenic, and 
morphogenic activities in a variety of cell types. The present study was 
conducted to examine whether or not the c-met receptor is expressed 
and tyrosine phosphorylated in the human sperm cell. The Western blot 
analysis, using a monoclonal antibody (MAb2) directed against the 
extracellular domain . of the c-met receptor, showed a specific 
band of 195 kDa corresponding to the intact c-met receptor in the 
detergent -solubili zed human sperm preparation (HSP) . This protein band was 
not recognized by the control myeloma Ig (immunoglobin) . In the 
immunoprecipitation procedure, a similar specific band of 195 kDa and a 
145-kDa band corresponding to the beta-subunit of c-met receptor were 
seen. . In the indirect immunofluorescence technique, the c- ***met*** 
receptor was localized predominantly in the acrosomal region of the sperm 
cell. The c- ***met*** receptor was tyrosine phosphorylated/autophosphorylat 
ed during capacitation and in the cell-free in vitro kinase assay. 
Incubation of human sperm with hepatocyte growth factor (HGF) or MAb2 to c- 
met receptor enhanced the degree of tyrosine 

phosphorylation/autophosphorylation of the c-met receptor up to 
5.1-fold. These findings indicate that the c- ***met*** receptor is present 
in the acrosomal region of human sperm cell and is tyrosine phosphorylated, 
which is enhanced by HGF and the receptor ***antibody*** . The c- ***met* 
system may have an important role in sperm function. 

Presence and tyrosine phosphorylation of c-met receptor in human 
sperm. 

***1999*** , 

The c-met receptor is a pl90MET tyrosine kinase 
proto-oncoprotein that through its binding to its ligand, designated 
hepatocyte growth factor (HGF), induces... 

...of cell types. The present study was conducted to examine whether or not 

the c-met receptor is expressed and tyrosine phosphorylated in the 

human sperm cell. The Western blot analysis, using a monoclonal 

antibody (MAb2) directed against the extracellular domain of 

the c-met receptor, showed a specific band of 195 kDa corresponding 

to the intact c-met receptor in the detergent -solubili zed human sperm 

preparation (HSP) . This protein band was not recognized. . . 

. . .of 195 kDa and a 145-kDa band corresponding to the beta-siibunit of c- 

***met*** receptor were seen. In the indirect immunofluorescence technique, 
the c-met receptor was localized predominantly in the acrosomal 



region of the sperm cell. The c- ***met*** receptor was tyrosine 
phosphorylated/autophosphorylated during capacitation and in the cell-free 
in vitro kinase assay. Incubation of human sperm with hepatocyte growth 
factor (HGF) or iyiAb2 to c-met receptor enhanced the degree of 
tyrosine phosphorylation/autophosphorylation of the c-met receptor up 
to 5.1-fold. These findings indicate that the c- ***met*** receptor is 
present in the acrosomal region of human sperm cell and is tyrosine 
phosphorylated, which is enhanced by HGF and the receptor ***antibody*** 
The c- ***met*** system may have an important role in sperm function. 
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Abstract: The receptor for Hepatocyte Growth Factor is a transmembrane 

tyrosine kinase encoded by the c- ***meT*** oncogene. We have previously 

shown that the Met protein is expressed in several human 

epithelial tissues. The receptor is barely ***detectable*** , however, 

in normal thyroids and in specimens from patients affected by 

nonneoplastic thyroid diseases. Now we report that the expression of 

the Met/HGF receptor is increased a hiondred fold in 22' out 

of 41 human carcinomas derived from the thyroid follicular epithelium. 

A comprehensive analysis of 15 cases showed that the over expressing 

carcinomas belong to histotype variants correlated with negative 

prognosis and in all but one case there were evidences of locally 

advanced disease and/or distant metastases. The 11 benign adenomas and 

the 5 medullary carcinomas tested were negative. Western blot analysis 

with monoclonal antibodies directed against either the 

intracellular or the extracellular receptor domains failed to 

reveal major structural alterations. Southern blot analysis also 

demonstrated that the c-MET gene was not amplified nor" 

rearranged. These data suggest a role for the overexpression of c- 

MET oncogene in the. pathogenesis and progression of thyroid 

tumors derived from the follicular epithelium. 



Detection of MET oncogene/hepatocyte growth factor receptor 

in lymph node metastases from head and neck squamous cell carcinomas. 

Galeazzi E;.,.01ivero M; Gervasio F C; De Stefani A; Valente G; Comoglio P 
M; Di Renzo M F; Cortesina G 

Department of Clinical Physiopathology, University of Turin School of 
Medicine, Italy. 

European archives of oto-rhino-laryngology - official journal of the 
European Federation of Oto -Rhino -Laryngological Societies (EUFOS) 
affiliated with the German Society for Oto-Rhino -Laryngology - Head and 
Neck Surgery (GERMANY) 1997,". 254 Suppl 1 pS138*-43, ISSN 

0937-4477--Print Journal Code: • 9002937 

Publishing Model Print 

Document type: Journal Article 

Languages: ENGLISH 

Main Citation Owner: NLM 

Record type: MEDLINE; Completed 

The c-MET oncogene encodes the receptor for hepatocyte growth 
factor/scatter factor (HGF /SF) , which is known to stimulate the 
invasive growth of epithelial cells cultured in vitro. The ***Met*** / 
HGF receptor is a heterodimeric transmembrane tyrosine 
kinase , which is a prototype for a new family of growth factor 
receptors. The c- ***met*** oncogene is expressed in several types of 
epithelial tissue including keratinocytes and is over-expressed in a number 
of human carcinomas. Studies on various carcinoma cell lines have shown 
that over-expression and structural alteration of the receptor result in 
its activation and confer tumorigenesis . We have studied ★★★Met*** / 
HGF receptor expression in tissue specimens from 34 patients with 
head and neck squaimous cell carcinomas (HNSCC) and in 17 regional lymph 
node metastases. Western blot analysis was employed, using monoclonal 
antibodies directed against either . the intracellular or 

***extracellular*** domain of the receptor. Each sample was compared to its 
normal counterpart. The receptor did not show any major structural 
alterations in HNSCC tissues, but its expression was increased from 2- to 
50-fold in about 70% of tumors. Immunohistochemistry then showed that the 
same antibodies stained only a few cells in the basal layer of normal 
squamous epithelium but intensely marked tumor cells. In the lymph node 
metastases of Met-positive tumors, receptor expression was maintained 
and sometimes increased with respect to primary tumors. Immunohistochemical 
analysis of the metastatic lymph nodes showed that cells were negative in 
the normal lymphatic tissue and strongly stained in tumor cells. 
Over -express ion of the Met/HGF receptor was found at all tumor 
stages but was more significant in those associated with enlarged or 
multiple- (N2-N3) lymph node metastases.. These data show that expression of 
the Met/HGF receptor may be involved in the progression of 
HNSCC towards a metastatic phenotype and may be a useful marker of head and 
neck tumor cell spread to regional lymph nodes. 

Detection of MET oncogene/hepatocyte growth factor receptor 
in lymph node metastases from head and neck squamous cell... 
***1997*** 

The c-MET oncogene encodes the receptor for hepatocyte growth 
factor/scatter factor (HGF /SF) , which is known to stimulate the 
invasive growth of epithelial cells cultured in vitro. The ***Met*** / 
HGF receptor is a heterodimeric transmembrane tyrosine 
kinase , which is a prototype for a new family of growth factor 
receptors. The c- ***met*** oncogene is expressed in several types of 
epithelial tissue including keratinocytes and is over-expressed. . . 

. . . structural alteration of the receptor result in its activation and 

confer tumorigenesis. We have studied ***Met*** / ★★★hgf*** receptor 

expression in tissue specimens from 34 patients with head and neck squamous 

cell carcinomas (HNSCC) and in 17 regional lymph node metastases. Western 

blot analysis was employed, using monoclonal antibodies directed 



against either the intracellular or extracellular domain of the 
receptor. Each sample was compared to its normal coiinterpart . The receptor 
did. . . 

...2- to 50-fold in about 70% of tumors. Immiinohistochemistry then showed 
that the same antibodies stained only a few cells in the basal layer 
of normal squamous epithelium but intensely marked tumor cells. In the 
lymph node metastases of Met -positive tumors, receptor expression was 
maintained and sometimes increased with respect to primary tumors. 
Immunohistochemical . . . 

... in the normal lymphatic tissue and strongly stained in tumor cells. 
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Magnetic resonance imaging studies on nude mice grafted with colorectal 
adenocarcinoma using ***gadolinium*** -labeled monoclonal antibody. 
Saccavini J C; Curtet C; Bohy J; Tellier C; Bourgoin C; Lhoste J M 
Oris Industrie, Gif sur Yvette, France. 

Investigative radiology (UNITED STATES) Sep 1988, 23 Suppl 1 
PS292-3, ISSN 0020-9996--Print Journal Code: 0045377 

Publishing Model Print 

Document type: Journal Article 
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A monoclonal antibody (Ab) 19.9 specific for colorectal carcinoma was 
labeled with a high number of gadolinium (Gd) atoms for its potential 
application as a contrast agent in magnetic resonance imaging ( ***mri*** ) . 
The DTPA was ***conjugated*** to 19.9 Ab via the bicyclic DTPA anhydride 
method (c. DTPA) using c. DTPA/Ab molar ratios between 5 and 150. The 
aggregates present in great amount at high c. DTPA/Ab ratios were 
systematically removed. Then the exact number of DTPA effectively 
conjugated , the imm\anoreactivity of the resulting Illln-DTPA-Ab were 
measured. The number of ***dtpa*** ***conjugated*** per ***antibody* 

can 

be increased 20 to 25 with only a little loss of immunoreactivity . The 19.9 
antibody conjugated with 16 and 25 DTPA was labeled with 

153GdC13 for pharmacokinetic studies on xenografted nude mice and with 
nonradioactive gadolinium to measure ex vivo the effect on the 
relaxation time Tl of the tumor. We found a 15 to 20% decrease of Tl on the 
tumor. In vivo experiments using a Bruker system and the same animal model 
showed a difference in the tumor contrast after the injection of 2 mg of 
Gd-labeled Ab. 

Magnetic resonance imaging studies on nude mice grafted with colorectal 
adenocarcinoma using ***gadolinium*** -labeled monoclonal antibody. 
***1988*** , 
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MRI contrast enhancement by Gd-DTPA-monoclonal antibody 
in 9L glioma rats. 
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To achieve a tissue-specific enhancement in diagnosis of brain tumor, a 
magnetic resonance imaging (MRI) study was performed using conjugate 
of Gd-DTPA and monoclonal antibody (MoAb) against 9L glioma 
cells. Fisher 344 strain rats were used for this study. MoAb against 9L 
glioma cells was conjugated with Gd-DTPA according to the method of 
Hnatowich et al. (1983) and used for the ***mri*** study. The 
gadolinium (Gd) concentration in the Gd-MoAb injected to the rats was 
0.01-0.03 mmol/kg. The enhancement effect increased gradually and persisted 
for 24 hours after the injection. This was longer than Gd-DTPA, which 
showed a peak of enhancement effect within 30 minutes after injection and 
was washed out within 120 min. This result was compatible with scintigraphy 
studies using 1251 labeled anti 9L monoclonal antibody, in which the 
accumulation of the 1251 antibody increased at 24, 48 and 72 hours after 
the injection. By using tumor- specific contrast agents such as Gd-MoAb, it 
may be possible to differentiate among tumor, perifocal edema and radiation 
injury. 

MRI contrast enhancement by Gd-DTPA-monoclonal antibody 
in 9L glioma rats. 

To achieve a tissue-specific enhancement in diagnosis of brain tumor, a 
magnetic resonance imaging (MRI) study was performed using conjugate 
of Gd-DTPA and monoclonal antibody (MoAb) against 9L glioma 
cells. Fisher 344 strain rats were used for this study. MoAb against 9L 
glioma cells was conjugated with Gd-DTPA according to the method of 
Hnatowich et al . (1983) and used for the ★**mri*** study. The 
gadolinium (Gd) concentration in the Gd-MoAb injected to the rats was 
0.01-0.03. . . 

; Animals; Antibodies, Monoclonal-- immunology- -IM; Antibody Specificity; 
Brain--pathology--PA; Brain Neoplasms-- immunology- -IM; Gadolinium 

DTPA; Glioma-- immunology- -IM; Neoplasm Transplantation; Organometallic 
Compounds--pharmacokinetics---PK; Pentetic Acid- -diagnostic use--DU, . . 
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Presence and Tyrosine Phosphorylation of c-met Receptor in 
Human Sperm 

ELIZABETH A. HERNESS AND RAJESH K. NAZ 

From the Division of Research, Department of Obstetrics and Gynecology, Medical College of Ohio, Toledo, Ohio, 



ABSTRACT: The c-met receptor Is a p1 90"^ tyrosine kinase proto- 
oncoprotein that through Its binding to its llgand, designated hepa* 
tocyte growth factor (IHGF), Induces mitogenic. motogenic, and mor> 
phogenic activities in a variety of cell types. The present study was 
conducted to examine whether or not the c-met receptor Is ex- 
pressed and tyrosine phosphorylated in the human sperm cell. The 
Western blot analysis, using a monoclonal antibody (MAb,) directed 
against the extracellutar domain of the c-met receptor, showed a 
specific band of 195 kDa oonresponding to the intact c-met receptor 
in the detergent-solubillzed human sperm preparation (HSP). This 
protein band was not recognized by the control myeloma Ig (Im- 
munoglobin). tn the immunoprecipitatkm procedure, a similar spe- 
cific band of 195 KDa and a 145-kDa band oonresponding to the p- 
subunlt of c-met receptor were seen. In the Indirect immunofluores- 



cence technique, the c-met receptor was localized predominantly In 
the acrosomal region of the sperm cell. The c-met receptor was 
tyrosine phosphorylated/autophosphorytated during capacitation and 
in the ceil-free in vitro Iclnase assay, incubation of human sperm with 
hepatocyte growth factor (HGF) or MAb, to c-met receptor enhanced 
the degree of tyrosine phosphorylation/autophosphorylation of the c- 
met receptor up to 5.1 -fold. These findings indicate that the c-met 
receptor is present in the acrosomal region of human sperm cell and 
is tyrosine phosphorylated, which Is enhanced by HGF and the re- 
ceptor antibody. The c-met system may have an Important role In 
sperm function. 

Key words: Testis, fertilization, scatter factor/hepatocyte growth 
factor, infertility, cytokines. 
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Protein tyrosine phosphorylation has a definite role in 
a variety of cellular phenomena, including regulation 
of function of various receptors (Ullrich and Schlessinger, 
1990). The receptors for several growth factors are them- 
selves tyrosine protein kinases that regulate cell prolif- 
eration and differentiation (Ullrich and Schlessinger, 
1990). All receptor tyrosine kinases possess a large, gly- 
cosylated, extracellular ligand-binding domain, a single 
hydrophobic transmembrane region, and a cytoplasmic 
domain that contains the tyrosine kinase activity (Ullrich 
and Schlessinger, 1990; Smith et al, 1993; Pawson, 1995). 
Tyrosine phosphorylation may be the primary or even the 
exclusive indication of a signal transduction pathway. 
Other laboratories and ours have demonstrated a vital role 
of tyrosine phosphorylation in the development of fertil- 
izing capacity of human sperm (Naz et al, 1991; Naz and 
Ahmad, 1994; Ahmad and Naz, 1995; Leclerc et al« 1996; 
Naz, 1996; Luconi et al, 1998). 

The c-met proto-oncogene encodes a transmembrane 
glycoprotein, pl90^ tyrosine kinase receptor, which is 
cleaved posttranslationally into an a chain (50 kD) that 
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is a part of extracellular domain and into the disulfide- 
linked P chain (145 kD) that consists of an extracellular 
portion involved in ligand binding, a membrane-spanning 
segment, and a cytoplasmic tyrosine kinase domain (Park 
et al, 1987; Giordano et al, 1988). The ligand for the c- 
met receptor has been identified (Bottaro et al, 1991), and 
it is designated scatter factor (SF)/hepatocyte growth fac- 
tor (HGF), a protein with structural similarities to plas- 
minogen (Naldini et al, 1991a). 

SF/HGF contains four characteristic kringle domains at 
the NH2 terminus and a serine protease-like domain at 
the coon terminal (Nakamura et al, 1989). SF/HOF has 
been purified and identified as a heterodimer of heavy (58 
kD) and light (31 kD) disulfide-linked subunits. Human 
and rat HGFs have been cloned and sequenced, and their 
amino acid sequences have been deduced from the cDNA 
sequences (Nakamura et al, 1989; Tashiro et al, 1990). 
SF/HGF has potent mitogenic, motogenic, and morpho- 
genetic activities on epithelial cells in the in vitro assays 
(Bhargava et al, 1991; Matsumoto and Nakamura, 1991; 
Bussolino et al, 1992; Cooper, 1992; Strain, 1993). SF/ 
HGF-like proteins have been identified in cultured fibro- 
blasts; arterial smooth-muscle oellr-conditioned medium; 
human amniotic fluid; human placental tissue; and in the 
stromal components of human testis, prostate, mammary 
gland, uterine endometrium, and ovary (Giordano et al, 
1989; Zamegar et al. 1990; Bhargava et al, 1991; Di Ren- 
zo et al, 1991; Naldini et al, 1991b; Lail-'Recker et al, 
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1998). The c-met receptor has been immunochemically 
localized in the human seminiferous epithelium and 
sperm cells (Depuydt et al, 1996). Our laboratory dem- 
onstrated that the SF/HGF is differentially expressed in 
various segments of the male genital tract, with the high- 
est expression in cauda and distal corpus parts of epidid- 
ymis in the mouse (Naz et al, 1994). This region-specific 
expression coincides with the pattern of acquiring the fer- 
tilizing capacity of sperm cell during its transit through 
the male genital tract. 

In view of the above findings, the present study was 
conducted to examine 1) if the human sperm cell has 
expression of the c-met receptor, 2) if yes, what its mo- 
lecular identity is, and 3) whether or not it is tyrosine 
phosphorylated, since the tyrosine phosphorylation has 
been shown to have a vital role in the development of 
fertilizing capacity of sperm cells. 



Materials And Methods 

Sperm Collection 

Human sperm were collected from healthy, fertile men (n = 7) 
after 4g->72 hours of sexual abstinence. Ejaculated semen was 
liquefied for 1 hour at 3TC and analyzed for volume, sperm 
concentration, percent motility, and progressive motility (Naz, 
1987; Naz et al, 1989). Semen samples with a concentration of 
>50 X 10^ sperm/ml and with motility >60%. progressive mo- 
tility >3 (on a scale of 0-5), and contamination by immature 
germ cells and immune cells of <1% of total spemi concentra- 
tion were used in the present study. Sperm were washed twice 
with modified Biggers, Whitten, and Whittingham (BWW) me- 
dium (21 mM HEPES buffer with 4 mM sodium bicarbonate, 
supplemented with 1% bovine serum albumin [BSA]; Irvine Sci- 
entific, Santa Ana, California), and subjected to the swim-up 
procedure in the same medium (Naz, 1987). The swim-up sperm 
population was obtained by overlaying the washed sperm pellet 
with 1.0 ml of supplemented modified BWW medium ami in- 
cubating the tube in a 20*-angled rack at 3TC in S% COj in air 
for 1 hour. The supernatant containing the swim-up population 
was harvested by careful aspiration; analyzed for motility, con- 
centration, and any contamination; and used in the following 
procedures. Only those samples that were without any contam- 
ination of inunature germ cells and leukocytes were used. 

The fertile men used in the present study were donor controls 
(ages 24-32 years) from our andrology laboratory. Sperm from 
these men undergo capacitation within 5 hours of incubation in 
the above medium' and conditions (Naz. 1987; Ahmad and Naz. 
1995). Approximately 10-18% of sperm undergo spontaneous 
acrosome reaction after 5 hours of capacitation, and 46-68% 
undergo induced acrosome reaction after treatment (at 3TC for 
1 hour) with 10 \jM final concentration of A23187 calcium ion-, 
ophore (Sigma Chemical Co., St. Louis, Missouri). Also, sperm 
firom these men show excellent penetration of zona-free hamster 
oocytes (100% of ova penetrated; lS-28 sperm per egg). 
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Recombinant Human SF/HGF and Antibodies 

The human recombinant hepatocyte growth factor/scatter factor 
(HGF/SF) was obtained from Sigma. It was made by using the 
S/21 insect cell expression system, and biological activity was 
measured by its ability to stunulate 'H-thymidine incorporation 
in the monkey epithelial cell line 4MBr-5 (Rubin et al, 1991). 

Two different monoclonal antibodies (MAbs) were used to 
detect the c-met receptor present in the human sperm (Upstate 
Biotechnology, Lake Placid, New York). Both of these antibod- 
ies were derived from mouse hybridomas raised against the ex- 
tracellular domain of the c-met receptor present in the human 
gastric carcinoma cell line GTL-16. One of these antibodies 
(IgGjM isotype; clone DO-24. designated MAb,) works well in 
the immunoprecipitation procedure, and the other (IgGl. iso- 
type; clone DL-21, designated MAbj) is well suited for the West- 
ern blot procedure. 

The anti-pbosphotyrosine mouse PY-20 monoclonal antibody 
(lgG2b) used in this experiment was purchased from Signal 
IVansduction Laboratories (Lexington, Kentucky). This antibody 
reacts specifically with phosphotyrosine residues and does not 
cross-react with phosphoserine or phosphothreonine residues 
(Frackelton et al, 1983). The affinity-purified monoclonal anti- 
body of IgC2b subclass obtained from Organon-Teknika Corpo- 
ration (Durham, North Carolina) was used as control immuno- 
globulins (Ig). 

Detection of c-met Receptor 

The presence of c-met receptor in human sperm cell was ex- 
amined by using the Western blot procedure, immunoprecipita- 
tion procedure, and indirect immunofluorescence technique. 
These are described below. 

Sodium Dodecyl Sulfaie-Potyacrylamide Gel Electrophoresis/ 
Western Blot Procedure — Sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE)/Westem blot procedure 
was performed using the swim-up sperm population (Naz et a], 
1986; Naz et al. 1993). Briefly, the sperm were washed three 
times with phosphate-buffered saline (PBS), and the sperai 
membrane proteins were solubilized (at overnight) with 
0.5% Nonidet P-40 and 0.02% sodium azide in PBS containing 
1 mM phenyhnethylsulfonyl fluoride (PMSF). The solubilized- 
sperm preparation (HSP) was processed by centrifuge, and the 
supernatant (80-150 fig of protein) was boiled for 5 minutes in 
nonreducing sample buffer (Laenunli, 1970) and resolved in a 
5-15% gradient gel (Naz et al, 1986), 

After SDS-PAGE, the proteins were electrophoretically (at 
100 mA for 18 hours at room temperature) transferred to nitro- 
cellulose membranes (Schleicher & Schuell, Keene, New Hamp- 
shire; Towbin et al, 1979). The membranes were blocked with 
3% BSA, and the proteins were immunodetected by first incu- 
bating the blots with c-met MAbj/control myeloma Ig and then 
with alkaline phosphauise-conjugated, goat affinity-purified, 
anti-mouse antibodies (Cappeinbknika Corp, West Chestei; 
Pennsylvania). The reacted proteins were visualized with oitro- 
blue tetrazolium (NBT) with 5-bromo-4-chloro-3-indolyl phos- 
phate as a substrate (Naz et al, 1993). Finally, the membranes 
were washed in distilled water, dried, and photographed. 

Immunoprecipitation Procedure — The presence of the c-met 
receptor was also examined by using the inununopreclpitation 
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procedure, as described in detail elsewhere (Naz et al, 1996). 
Briefly, HSP (80-150 protein), prepared as described above, 
was mixed with c>met MAb,/control myeloma Ig (10 p.g/100 
sperm suspension) and incubated overnight at 4°C. Then 20 \i\ 
of protein G Plus/Protein A agarose beads (Oncogene Research 
Products/Calbiochem, Cambridge, Massachusetts) were added to 
the reaction mixture and incubated at 4^C in a shaker for an 
additional 1 .5 hours. The reaction mixture was processed by cen- 
trifuge (at 8,000 X ^ for 5 minutes), and the supernatant was 
discarded. The pellet was washed three times with radioimmu- 
noprecipitation assay (RIPA) buffer (SO mM NaCl, 10 mM Iris, 
1 mM ethylenediaminetetracetic acid [EDTA], 1 mM PMSF, and 
0.1% Triton X'lOO). After washing, the pellet was boiled for 10 
minutes in SDS sample buffer (nonreduced) and processed by 
centrifuge, and the supernatant was resolved by SDS-PAGE (5- 
15% gradient), and the gel was stained with silver nitrate 
(BioRad, Richmond. California). 

Indirect Immunofluorescence Technique — For indirect immu- 
nofluorescence technique (IFT), swim-up sperm were collected, 
the concentration was adjusted to 1 x 10^ sperm/ml, and 20 i&l 
of the sperm suspension were applied into wells of immunofluo- 
rescence slides (Naz et al. 1991). The slides were air-dried, fixed 
in methanol for 30 minutes at room temperature, and air-dried 
again. The nonspecific-binding sites were blocked by incubating 
the fixed sperm with 0.3% BSA in PBS for 45 minutes. The 
slides were washed and then incubated for 1 hour with c-met 
MAb2/control myeloma Ig (0.1-0.2 jtg/well) at room tempera- 
ture in a humidified chamber. The slides were washed three times 
again with PBS and incubated for 1 hour with fluorescein iso- 
thiocyanate (FITC)-conjugated goat anti-mouse antibodies (1:20 
dilution in PBS). The slides were then washed with PBS again, 
a drop of mounting medium (90% glycerol in PBS containing 
0.1% sodium azide and 10 mg/ml of 1,4-diazabicyclo [2.2,2] 
ocume) was applied into each well, and the slides were covered 
with a coverslip and examined with a fluorescence microscope. 

Tyrosine Phosphorylation of c-met Receptor 

To examine whether or not the c-met receptor present in human 
sperm cell is tyrosine phosphorylated or not. both intact and cell- 
free in vitro systems were used. We describe both in the follow- 
ing sections. 

Intact In Vitro System — ^For the intact in vitro system, the 
swim-up sperm (10-20 X 10^ sperm/ml) were incubated (at 3TC 
in 5% CO2 in air) for 0. 15, and 30 minutes with or without 
HGF (50 ng/ml) or c-met MAbi/control myeloma Ig (1:10 di- 
lution) and then membrane solubilized (at 4"C, overnight) in NP- 
40 lysis buffer, as described above. The solubilized-sperm prep- 
aration (80-150 |ig of protein) was incubated (at 4*t!, overnight) 
with c-met MAb,/control myeloma Ig, and then 20 |il of protein 
G Plus/Protein A agarose beads were added to the reaction mix- 
ture and incubated (at 4''C for 1.5 hours). The reaction mixture 
was processed by centrifuge (at 8,000 X ^ for 5 minutes), the 
supernatant discarded, and the pellet washed three times with 
RIPA buffer and boiled for 5 minutes in nonreduced SDS-bufTer. 
The proteins were resolved in SDS-PAGE and then transferred 
to nitrocellulose sheets for Western blot analysis. The mem- 
branes were blocked with 3% BSA, and the tyrosine-phosphor- 
ylated proteins were immunodetected by incubating the blots 



first with anti-phosphotyrosine PY-20 MAb and then with alka- 
line phosphatase-conjugated. goat affinity-purified, anti-mouse 
antibodies. The reacted protein bands were visualized with NBT 
and 5-bromo-4-chlon>-3-indolyl phosphate. The intensity of var- 
ious bands was compared by using the Scion Image analysis 
system (National Center for Biotechnology Information, Nation- 
al Institutes of Health, Bethesda, Maryland). 

Cell-Free In Vitro Kinase Assay — ^The in vitro kinase assay 
was carried out as described elsewhere (Naz et al, 1991; Naz 
and Ahmad. 1994). Briefly, the swim-up sperm were collected 
and the membrane proteins were solubilized (at 4^C. overnight) 
in NP-40 lysis buffer as described above. The solubilized-sperm 
prq[>aration was reacted with c-met MAbi/control myeloma Ig at 
4^:; overnight and then incubated (at 4"C for 1 hour) with protein 
G Plus/Protein A agarose beads. The reaction mixture was pro- 
cessed by centrifuge (8,000 x ^ for 5 minutes), the supernatant 
was discarded, and the pellet was washed three times with RIPA 
buffer. The in vitro kinase reaction was carried out on the im- 
munocomplexed beads at 4T in a total volume of 40 pA of 
kinase buffer (20 mM HEPES. pH 7.5; 150 mM NaQ; 0.1% 
Iriton X-lOO; 10% glycerol; 5 mM manganese chloride; 1 mM 
magnesium chloride; and 10 ^.Ci -y-^^P adenosine triphosphate 
[ATP]). The reaction was stopped by adding nonreduced SDS 
sample buffer. Proteins were separated by SDS-PAGE and elec- 
trophoretically transferred to nitrocellulose membrane for West- 
em blot analysis using anti-phosphotyrosine PY-20 MAb. The 
reacted proteins were visualized, and the blot was subjected to 
autoradiography. The protein bands detected by PY-20 MAb 
were compared for molecular identities with the radiolabeled 
bands detected in the autoradiogram. 



Results 

Detection of c-met Receptor 

In the Western blot procedure» the c-met MAbj specifi- 
cally recognized a single band of 195 kDa on the Western 
blot of detergent-solubilized human sperm preparation 
(Fig. 1. Panel A) that was not recognized by the control 
myeloma Ig (Fig. 1, Panel B). In the immunoprecipitation 
procedure, the c-met MAb, specifically immunoprecipi- 
tated the protein bands corresponding to the intact c-met 
receptor (195 kD) and its P subimit (145 kD) (Fig. 2). In 
addition, there was another band of 45-50 kDa specifi- 
cally immunoprecipitated by the MAb, (Fig. 2). These 
bands were not immunoprecipitated by the control mye- 
loma Ig. In IFF, the c-met MAb2 reacted predominantly 
with the acrosomal regions of ^70-80% of methanol- 
fixed human sperm (Fig. 3b). In «»10% of sperm, the 
antibody also reacted with the tail regions. The control 
myeloma Ig did not react with methanol-fixed sperm (Fig. 
3d). Even after increasing the concentration up to 2 \ig/ 
well and increasing the time of incubation of antibodies 
with sperm up to 4-6 hours, the fluorescence was always 
of weak intensity, as shown in Figure 3. 
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FIQ. 1. Western blot analysis of detergent-solubilized human sperm 
preparation (HSP) using c-met reoeptor monoclonal antibody MAb». The 
195-kDa protein band oonesponding to Intact o-met receptor was rec- 
ognized in HSP by the c-met MAb, (Panel A). The control myeloma Ig 
did not recognize this band (Panel B). Sperm preparations from seven 
fertile men were tested, and identical results were obtained. Reaction 
patterns of HSP from two men are shown here. 



Tyrosine Phosphorylation of c-met Receptor 

Incubation of sperm cells with HGF (SO ng/ml) increased 
the tyrosine phosphorylation of c-met receptor (Fig. 4). 
Both the intact receptor and its p subunit were tyrosine 
phosphorylated even without the addition of HGF, as is 
clear at the O-minute time period that started after the 1- 
hour swim-up procedure. Addition of HGF increased the 
tyrosine phosphorylation of the intact receptor by 1.8-fold 
at 15 minutes of incubation time and by 2.9-fold at 30 
minutes of incubation time and increased the tyrosine 
phosphorylation of the ^ subunit by 3.1-fold at 15 min- 
utes of incubation time and by 5.1 -fold at 30 minutes of 
incubation time. The tyrosine phosphorylation of at least 
one other protein band of 45-50 kDa also increased after 
incubation with HGF. 

Surprisingly, incubation of sperm with c-met MAb2 (1: 
10 dilution) also increased the tyrosine phosphorylation 
of intact receptor by 1.7-fold at 15 minutes and by five- 
fold at 30 minutes of incubation and increased the tyro- 
sine phosphorylation of the p subunit by nil at 15 minutes 
and by 5.2-fold at 30 minutes of incubation. The tyrosine 
phosphorylation of at least one other protein band of 45- 
50 kDa also increased after incubation with c-met MAbj. 
The sperm incubated for 30 minutes with BSA or control 
myeloma Ig did not show an increase in intensity of the 



receptor proteins compared with that at the O-minute time 
point (Fig. 4). 

In the cell-free in vitro kinase assay carried out on 
beads using specific MAb|. the c-met receptor (intact as 
well as P subunit) was autophosphorylated along with 
another protein band of 45-50 kDa (Fig. 5, Panel A). 
These protein bands were also detected by the phospho- 
tyrosine PY-20 MAb, indicating that they were autophos- 
phorylated at the tyrosine residues (Fig. 5, Panel B). 
There were some additional bands visible on the blots as 
well as on the autoradiogram; however, these three were 
the major protein bands detected. 



Discussion 

Our findings indicate that the c-met receptor is present in 
the human sperm cell, predominanUy in the acrosomal 
subcellular site. All three methods, namely the Western 
blot procedure, inununoprecipitation procedure, and in- 
direct inununofluorescence technique, demonstrated its 
presence. The c-met receptor of 195 kDa observed in the 
human sperm cell in the Western blot procedure seems to 
be of the same molecular identity as has been reported in 
otiier cell types (Di Renzo et al, 1991; Prat et al, 1991; 
Humphrey et al, 1995; Yang and Park, 1995; Clark et al, 
1996; Kolatsi-Joannou et al, 1997). The immunoreactivity 
of the MAb] with sperm c-met receptor protein was spe- 
cific since I) it showed no reaction with any other protein 
in the Western blot of human sperm preparation, 2) con- 
trol myeloma Ig of the same class and isotype specificity 
as MAb2 did not recognize the 195 kDa band, and 3) 
sperm preparations from different fertile men showed an 
identical reaction pattern. 

In the immunoprecipiation procedure, the c-met MAb, 
specifically inmiunoprecipitated the protein bands corre- 
sponding to intact (195 kD) and ^ subunit (145 kD). Since 
the MAb, was raised against the extracellular domain 
comprising the p subunit of the c-met receptor, the re- 
activity with both the intact and p subunits was expected. 
However, the reason for detection of the 145-kDa band, 
corresponding to the p subunit of the c-met receptor, is 
not clear. We used nonreducing conditions that should not 
dissociate the disulfide-linked 145-kDa O) subunit from 
the 50-kDa (a) subunit. Similar results were seen with all 
the sperm preparations from seven feitile men examined, 
indicating that this was not an experimental error. It is 
possible that in sperm cells, the c-met receptor is present 
both as an intact as well as an isolated p subunit. The P 
subunit is almost a complete unit, as it has an extracellular 
ligand-binding region, a transmembrane domain, a tyro- 
sine kinase domain, and sites for tyrosine phosphorylation 
(Bottaro et al, 1991). 
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FIG. 2. Sodium dodecyl sulfate (SDSHx)lyacrytaniide gel electro- 
phoresis pattern (PAGE) of c*met receptor protein immunoprecipitated 
from the human spemn preparation. The c-met MAb, spedficalty immu- 
nopreclpitated two protein bands, namely 195-l(Da and 145-l(Da bands 
corresponding to intact and 3 subunit of o-met receptor, respectively, and 
another 45-60 kDa cross-reactive band was also ooimmunoprecipltated. 
These bands were not immunoprecipitated by the control myeloma tg. 
Spemi samples from seven feitite men were tested on various days, and 
an identical pattern was obsen^ed. Immunoprecipitation patterns of 
spemfi preparation from three men (#1, 2. and 3) are shown here. 

In IFT, the c-met receptor was localized in the acro- 
somal region (majority of the cells) and tail region of the 
sperm cell. The reactivity of the MAb] was of weak in- 
tensity, even after using a higher concentration (2 fig/ 
well) and incubating it with sperm for a longer time. The 
weaker reactivity may be due to a lower density of c-met 
receptors per sperm cell. Also, the MAb2 may not be suit- 
able for immunochemical detection of the receptor, since 
this antibody is primarily used for the Western blot pro- 
cedure. However, the MAb„ which is recommended for 
the immunoprecipitation procedure, also did not increase 
the intensity of fluorescence in IFT. 

The c-met receptor is not only present in sperm cells 
but is also tyrosine phosphorylated/autophosphorylated 
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RQ. 3. Immunofluoresoent localization of c-met receptor on methanol- 
ftxed human sperm cells. The c-met MAb, reacted predominantly with 
the acrosomal regions of «70-60% sperm (b). In •"10% of spemi, the 
antibody also reacted with the tail regions. Immunoreactlvlty of the anti- 
body, although specific, was of weak intensity. Control myeloma Ig did 
not react with the spemn (d). a and e are the corresponding phase- 
contrast pictures of b and d, respectivety. Magnifications, ft-d: 410x. 



during capacitation, and degree of tyrosine phosphoryla- 
tion/autophosphorylation is enhanced by its ligand HGF/ 
SF as weU as by its antibody. In the intact in vitro system, 
HGF enhanced the tyrosine phosphorylation of the recep- 
tor protein. Surprisingly, the c-met antibody MAb2 also 
enhanced the tyrosine phosphorylation of the receptor and 
acted as a ligand. Similar increase in intensity of tyrosine 
phosphorylation of the receptor by its antibodies has been 
seen in other systems (Kumar et al, 1991; Naz and Ah- 
mad, 1992). The effect of the HGF/receptor antibody on 
the tyrosine phosphorylation/autophosphorylation was 
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RQ, 4. Western blot analysis indicating the tyrosine phosphorylation pattern of c-met receptor proteins in sperm cells thaX were incubated for various 
time periods with or without HGF or c-met MAb,. After incubation, the sperm membrane proteins were solubilized In NP-40 lysis buffer and immuno- 
precipitated wHh o-met MAb,/control myeloma Ig. The precipitates were resolved in SDS-PAGE and transferred to nttroceltulose sheets for Western 
blot analysis using antl-phosphotyrosine PY-20 MAb. The addition of HGF or c-met MAb^ during Incubation Increased the tyrosine phosphorylation of 
both the intact as well as the ^ subunit of c-met receptor over time (shown by arrow). Also, there was an increase In tyrosine phosphorylation of 
another protein of 45-60 kDa by HGF and o-met MAb,. 



rapid and was seen as early as 15 minutes after incuba- 
tion. There was some degree of tyrosine phosphorylation/ 
autophosphorylation of the receptor even widiout the ad- 
dition of HGF/receptor antibody, indicating that the re- 
ceptor protein undergoes phosphorylation/autophosphor- 
ylation during capacitation by cross-talk through 
interaction with other molecules (Naz, 1996). 

There was at least one other molecule of 45-50 kDa 
that was tyrosine phosphosphorylated/autophosphorylated 
during capacitation and whose phosphosphorylation/au- 
tophosphorylation was enhanced by the addition of HGF/ 
receptor antibodies. Although it falls in the same molec- 
ular range as the a subunit of c-met receptor, it is a dif- 
ferent polypeptide, since the a subunit is part of the ex- 
tracellular domain of c-met receptor and does not have 
tyrosine kinase activity or the tyrosine phosphorylation 
sites (Park et al, 1987; Giordano et al, 1988). This mol- 



ecule coprecipitates with the c-met receptor using the 
MAbj antibody in the immunoprecipitation procedure and 
is also detected by the anti-phosphotyrosine PY-20 mono- 
clonal antibody. This protein is not recognized by the 
MAbj in the Western blot procedure. In the cell-free in 
vitro kinase assay, both the intact and subunit of c-met 
receptor as well as the 45- to 50-kDa protein showed 
autophosphorylation at the tyrosine residues. The '^P-la- 
beling in the in vitro kinase assay indicates de novo ty- 
rosine autophosphorylation of these protein molecules. 

In conclusion, our findings indicate that the c-met re- 
ceptor is present in the human sperm cell and undergoes 
tyrosine phosphorylation. Since the tyrosine phosphory- 
lation of sperm membrane proteins has a vital role in the 
development of fertilizing capacity, the c-met receptor 
may be involved in sperm cell function because it is not 
only present but also undergoes phosphorylation/auto- 
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FIG. S. An autophosphorylation pattern of c-met receptor protein in 
the In vHm Idnase assay. The c-met receptor present in the solubilized- 
sperm preparation was immunopredpitated by o-met receptor MAbf/con- 
trol myeloma tg and the precipitate tmmunocomptoxed onto the protein 
G Plus/Protein A agarose beads. The in vitro Idnase assay was carried 
out on the beads as described in Materials and Methods. The proteins 
were resolved in SDS-PAGE. transferred to nitrocellulose, autoradio- 
graphed (Panel A), and then subjected to Western blot analysis using 
phosphotyroslne PY-20 MAb (Panel B). Both the intact (195 kD) receptor 
and its ^ subunit (145 kD) were autophosphorylated. along with another 
protein of 45-60 kOa (shown by arrows), as seen by the ''P-labeling of 
these protein molecules in the autoradkigram (Panel A). All these three 
molecules were specifically recognized by the PY-20 MAb (Panel B). 
Although there were additional bands, these three were the major bands 
detected. 



phosphorylation at tyrosine residues. Its interaction with 
other molecules and the exact signal transduction pathway 
of its involvement in sperm cell function needs to be elu- 
cidated. The present findings on mature sperm cells, along 
with the previous reports on sperm formation in the testis 
(Depuydt et al, 1996) and maturation in the epididymis 
(Naz et al, 1994), indicate that the c-met receptor and its 
ligand, HGF/SF, may have a role in male fertility. Besides 
its role in capacitation/acrosome reaction, it may also 
have an important function in sperm motility since its 
ligand (SF/HGF) has both mitogenic as well as motogenic 
properties. 
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Expression of hepatocyte growth factor (HGF) and its 
tyrosine kinase receptor, c-Met, is positively correlated with 
breast carcinoma progression. We found that in invasive and 
metastatic MTLn3 breast carcinoma cells, HGF stimulated 
both initial adhesion to and motility on the extracellular 
matrix (ECM) ligands laminin i, type 1 collagen, and fibronec- 
tin. Next, analysis with function-perturbing antibodies showed 
that adhesion to the different ECM proteins was mediated 
through specific pi Integrins. In MTLn3 cells, HGF induced 
rapid tyrosine phosphorylation and activation of both c-Met 
and focal adhesion kinase (FAK). Cell anchorage and adhesion 
to the ECM substrates was required for HGF-lnduced FAK 
activation, since HGF failed to trigger tyrosine phosphoryla- 
tion of FAK In suspended cells. Our results provide evidence 
that the 2 signaling pathways, integrin/ECM and c-Met/HGF, 
cooperate synergistically to induce FAK activation in an 
adhesion-dependent manner, leading to enhanced cell adhe- 
sion and motility. Moreover, we found that a FRNK (the 
FAK-related non-kinase)-iike molecule is expressed in MTLn3 
cells. Since FRNK acts as a competitive inhibitor of FAK 
function, our results suggest that a FRNK-like protein could 
facilitate disassembly of focal adhesions and likely be respon- 
sible for the HGF-induced scattering and motility of MTLn3 
cells. Int J, Concer 83:640-649, 1999. 
© 1999 miey-Liss, Inc. 

Hepatocyte growth factor (HGF) has been shown to exert 
multiple biological activities. It has mitogcnic, motogcnic and 
morphogenic effects on various normal and tumor cells (Jiang et 
ai, 1999). However, it has also been shown to inhibit proliferation 
of some tumor cells (Tajimae/a/., 1991). HGF binds to its receptor, 
c-Met, the protein product of the proto-oncogene c-met, c-Met is a 
disulfide-linkcd hcterodimcr composed of an alpha subunit (50 
kDa) and a beta subunit (145 kDa) which contains intrinsic tyrosine 
kinase activity. Multiple signaling pathways downstream from 
c-Mct activation account for the observation that HGF stimulates 
or inhibits biological functions, depending on the cellular environ- 
ment (Jiang a/., 1999). 

There is evidence that HGF may play a role in tumor progres- 
sion. Several studies have shown a positive correlation between 
HGF/c-Met levels and invasiveness of various cancer types (Jiang 
et al.y 1 999). Also, a limited number of reports suggest an important 
role for HGF and its receptor c-Met in breast cancer progression 
(Tuck et al., 1 996). Importantly, high levels of HGF in the stroma 
of the tumor have been correlated with poor survival in breast 
cancer (Yamashita et al., 1994). 

HGF activation of the c-Met tyrosine kinase receptor has been 
shown to induce cell motility (Jiang et al., 1 999). We have shown 
also that c-Mct expression correlates positively with the motile and 
invasive response of poorly differentiated human breast carcinoma 
cells to HGF (Bcviglia et aL, 1997). Only one study (Weimar a/., 
1997) has examined the effect of HGF on adhesion of cancer cells 
to extracellular matrix (ECM) ligands. Cell adhesion to ECM is an 
important event that precedes cell migration and invasion. In the 
current study, we examined the highly metastatic rat mammary 
adenocarcinoma MTLn3 cells for both their motile and their 
adhesive responses to HGF. We report that MTLn3 cells were 
stimulated by HGF to adhere as well as to migrate on ECM ligands, 
including laminin 1 , type I collagen and fibronectin. Interestingly, 
the HGF-induced stimulation of cell adhesion occurred rapidly and 



was correlated with a specific and significant increase in tyrosine 
phosphorylation of FAK. This suggests that FAK might play an 
important role in the HGF/c-Met signaling cascade in MTLn3 cells 
leading to increased cell adhesion on ECM. 

Integrins are important transmembrane cell receptors that medi- 
ate cell interactions with ECM (Hyncs, 1992). We also show that 
MTLn3 cells express (31 family integrins; the a2pl and a3(31 
integrins mediate most of the cell adhesion and migration on 
laminin, and the a2pi integrin is the major receptor for type 1 
collagen. Integrins are also important transducers of intracellular 
signaling (Hynes, 1992). FAK plays a central role in integrin- 
initiated signaling pathways (Burridge et al.y 1992) and was 
reported to be activated also by growth factors (Abcdi and Zachary, 
1 997). Tyrosine phosphorylation of FAK occurs during formation 
of focal adhesions and spreading (Burridge et al, 1992). Wc 
therefore also investigated whether the effects of HGF in MTLn3 
cells were integrin dependent. We found that HGF did not stimulate 
FAK in suspended MTLn3 cells, which suggests that HGF 
activation of FAK requires integrin engagement. Our results 
indicate a synergistic effect by the c-Mct signaling pathway for 
integrin-mediatcd adhesion-dependent stimulation of FAK. The 
mechanism by which FAK is involved in the HGF-induced cell 
motility remains less clear than its effect on cell adhesion. We 
observed that activation of FAK declines over time. Moreover, our 
results show a significant expression of a FRNK-like molecule that 
might be upregulated by HGF. The FAK-related non-kinase FRNK, 
corresponding to the COOH-terminal domain of FAK, has been 
shown to act as a competitive inhibitor of FAK function since it 
contains the FAT (focal adhesion targeting) domain. As a separate 
protein, FRNK is not widely distributed among cells; when 
overexpressed into chicken embryo cells, it inhibits tyrosine 
phosphorylation of FAK and determines a delayed cell spreading 
on fibronectin (Richardson and Parsons, 1996). Morover, microin- 
jection of human umbilical vein endothelial cells with the FAT- 
containing carboxy terminus of FAK, using the GST fusion protein 
system, inhibited competitively FAK entry into focal adhesions and 
DNA synthesis, which indicates a negative effect on cell prolifera- 
tion (Gilmore and Romer, 1996). Therefore, our results suggest that 
a FRNK-like molecule we detected on MTLn3 cells could have a 
role in the HGF induction of cell motility, likely following 
disassembly of cell focal contacts simultaneously with decrease of 
FAK tyrosine phosphorylation. 
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MATERIAL AND METHODS 

Cell culture 

The tumor cell line used in this study, MTLn3, is a highly 
invasive and metastatic clone derived from the 13762NF rat 
mammary adenocarcinoma and was provided by Dr. A. Neri 
(Hoffmann-La Roche, Nutley, NJ). Tumor cells were grown in 
Dulbecco's modified Eagle's (DME) culture medium supple- 
mented with 10% fetal bovine serum at 37^C in a humidified 
incubator with 5% CO2. The cells were subcultured at subconflu- 
ency by harvesting with 0.25% trypsin-0.02% EDTA. 

Growth factor and antibodies 

Recombinant human HGF was a gift of Dr. T. Nakamura (Osaka 
University, Japan). Monoclonal antibodies (MAbs) raised in ham- 
ster against rat al (H A3 1/8), a2 (HA 1/29) and pi (HA2/11) 
integrin subunits were provided by Dr. D.L. Mendrick (Human 
Genomic Systems, Boston, MA). Rabbit polyclonal anti-human a3 
antiserum was purchased from Chemicon (Temccula, OA). Mouse 
M Ab to rat a6 integrin was purchased from Serotec (Oxford, UK). 
Mouse mAb to rat a3 integrin (Ralph 3-1) was kindly provided by 
Dr. L. Reichardt (UCSF, San Francisco, CA). Rabbit polyclonal 
anti-human a5 was kindly given by Dr. R Johnson (UCSF, San 
Francisco, CA). The anti-phosphotyrosine antibodies 4G10 and 
Py20 were purchased from Upstate Biotechnology (Lake Placid, 
NY) and Transduction Laboratories (Lexington, KY), respectively. 
Polyclonal antibody to mouse c-Met (C-16) was from Santa Cruz 
Biotechnology (Santa Cruz, CA). Anti-FAK mAb (2A7) and 
anti-FAK polyclonal antibody were from Upstate Biotechnology. 
Secondary antibodies anti -mouse and anti-rabbit IgG were pur- 
chased from Jackson Immunoresearch (West Grove, PA). 

Migration assay 

Cell migration was assayed using modified Boydcn chambers 
(Neuroprobe, Bethesda, MD) with 8 fun porosity polyvinyl pyrrol- 
idone-lree (PVDF) polycarbonate filters (Nucleoporc, Pleasanton, 
CA). The undersides of filters were pre-coatcd with adhesive 
proteins laminin 1 (derived from the Engelbreth-Holm-Swann 
[EHS], tumor), fibronectin (Collaborative Research, Bedford, MA), 
or type I collagen (Celtrix, Palo Alto, CA), at 4^C overnight. The 
lower well of the chambers was filled with scrum-free medium 
(control) containing HGF or anti-intcgrin antibodies. A 50 \ii 
aliquot of cell suspension distributed to the upper chamber was 
incubated for 4 hr at 3TC. Cells migrating to the underside of the 
filter were counted under microscope (X400 magnification) after 
fixation and staining. 

Adhesion assay 

Microtiter plates (96- well) were pre-coated with the adhesive 
proteins laminin 1, type I collagen or fibronectin at different 
concentrations and incubated at 4°C overnight. Wells were blocked 
with 1% BSA for 45 min at 37**C. The cells (passages 5-20) were 
cultured in 2% scrum-containing medium for 24 hr, harvested at 
about 70% confluency, resuspended in serum-free DME medium 
supplemented with 0.1% BSA and distributed to wells (8 X 
lO'^/well). The cells were incubated at 37°C in a 5% CO2 
atmosphere for 15 min with or without HGF (2.5-20 ng/ml). 
Nonadherent cells were removed by washing the plate 3 times with 
0,1% BSA-containing medium; the adhering cells were fixed with 
2% formaldehyde and stained with 2% crystal violet. After 
solubilization with SDS, the absorbance was measured at 562 nm 
on an ELISA plate reader. In some experiments, integrin function- 
perturbing antibodies were incubated with the cell suspension and 
held on ice for 1 5 min before the cells were distributed to the ECM 
protein-coated wells. The cells were incubated at 37°C for 30 min, 
and adhesion was evaluated by measuring the absorbance as 
described above. 

Surface biotinylation of MTLn3 cells 

Briefly, cell monolayers grown to confluency in 100 mm tissue 
culture dishes were washed twice with warm PBS, after which 2.5 



ml of PBS containing 1 mg/ml of sulfo-NHS-biotin (Pierce, 
Rockford, IL) was added to each dish. Cells were lysed by scraping 
into ice-cold lysis buffer (2% Nonidet P-40 in 0.1 M Tris) with a 
cocktail of protease inhibitors. The extracts were immunoprecipi- 
tated with different antibodies to various integrin subunits coupled 
with protein A- or anti-mouse IgG-agarose and analyzed by 
SDS-PAGE. The blots were visualized with enhanced chcmilumi- 
nescence reagent (ECL; Amersham, Arlington Heights, IL). 

Detection of tyrosine-phosphorylated proteins in cell extracts 

MTLn3 cells were cultured in 2% serum-containing medium for 
24 hr and treated with 1.25-20 ng/ml of HGF for 10 min; then they 
were lysed in ice-cold RIPA lysis buffer containing 1% Nonidet 
P-40 and 1 mM Na3V04, Cell lysates containing the same amount 
of protein were analyzed by SDS-PAGE in 7.5% acrylamide gels in 
non-reducing and reducing conditions, blotted on Immobilon-P 
membranes (Millipore, Bedford, MA), and probed with 1 ng/ml of 
anti-phosphotyrosine antibody 4G10 or PY20. Immunoreactive 
bands were visualized by horseradish pcroxidasc-conjugated sec- 
ondary antibody (Amersham) followed by the ECL detection 
system. 

fn some experiments cells were untreated or treated with HGF in 
suspension, after being harvested with trypsin/EDTA from cultures 
in 2% serum-containing medium. They were then lysed and 
analyzed by Western blotting with anti-phosphotyrosine antibody, 
as described above. 

In other experiments cells were harvested as above, distributed 
without or with HGF to culture dishes pre-coated with laminin 1, 
type I collagen or fibronectin, and lysed af^er 15 min. Tyrosine 
phosphorylation analysis was then performed. 

Jmmunoprecipitation and immunoblotting analysis 

MTLn3 cells were cultured in 2% serum-containing medium for 
24 hr, treated with 10 or 20 ng/ml of HGF for 10 min, and lysed in 
RIPA lysis buffer. Equal amounts of protein were immunoprecipi- 
tated with anti-c-Met polyclonal antibody (C-16) coupled to 
protein A beads, or with anti-FAK antibody, cither MAb 2A7 
coupled to anti-mouse IgG-agarose beads or rabbit polyclonal 
antibody coupled to protein A. In other experiments, 24 hr 2% 
serum-cultured cells were harvested and treated with HGF while 
adhering on ECM protein-coated dishes or while suspended, then 
lysed as above and immunoprecipitatcd with anti-FAK antibody. 
Immunoprecipitated samples were analyzed by SDS-PAGE on 
7.5% acrylamide gels and transferred to PVDF membrane. Blots 
were blocked with a 3% BSA-0.05% Tween-TBS solution and 
probed with antibody to c-Met, or with anti-FAK antibodies or 
anti-phosphotyrosine MAb (4G10 or PY20). The immunoreactive 
bands were detected with the ECL detection system. 

FAK immunostaining of cells 

MTLn3 cells were seeded on uncoated coverslips in 2% 
serum-containing medium for 24 hr. Then they were treated with 
HGF (10 ng/ml) or untreated for 10 min and stained with anti-FAK 
polyclonal antibody followed by FITC-labeled secondary antibody. 
Immunostaining was determined by observing microscopically the 
fluorescence intensity. 

RESULTS 

HGF induces scatter response and motility 

MTLn3 cells normally form tightly clustered epithelial colonies. 
However, following treatment with HGF, the cells were induced to 
rapidly scatter. The originally epithelial cells were transformed into 
migratory fibroblast-like cells in which cell-cell contacts were 
disrupted (Fig. 1). 

We further examined the induction of motility by HGF in 
MTLn3 cells using the modified Boydcn chamber assay. HGF 
rapidly stimulated the motility of cells on several different ECM 
ligands, including laminin 1, type I collagen and fibronectin (Fig. 
2a). interestingly, the greatest stimulation of migration by HGF 
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Figure 1 - HGF-induced scattering of MTLn3 carcinoma cells. 
Cells were incubated in control medium or treated with HGF at 10 
ng/ml for 5 hr. The normally compact epithelioid colonies of tumor 
cells have dispersed as fibroblastic cells in response to HGF. Scale 
bar = 50 ^un. 
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was observed on laminin 1 -coated substrates. This motogenic cflFect 
was dose dependent, as shown for cell migration on laminin in the 
presence of different concentrations of HGF (Fig. 2/?). Even low 
levels of HGF {2.5-5 ng/ml) induced locomotion, which ap- 
proached a plateau at 20 ng/ml. 

HGF stimulates adhesion of MTLnS cells to ECM proteins 

Since motility requires that cells first become attached, we also 
determined the adhesive abilities of MTLn3 cells in the presence of 
HGF. HGF*s effect on adhesion paralleled its effect on cell motility. 
Adherence of cells treated with HGF on substrates coated with 
laminin, type 1 collagen, or fibronectin was 2- to 3-fold greater than 
that of control cells within 1 5 min (Fig. 3). 

HGF-stimulated cell adhesion to laminin 1 was dose dependent 
(Fig. 3^). The stimulatory effect of HGF was maximal at about 10 
ng/ml and then plateaued. Interestingly, type 1 collagen was a 
highly efficient substrate for MTLn3 cell attachment compared 
with laminin 1 or fibronectin, since a lower amount of type I 
collagen than of fibronectin or laminin 1 was needed to support cell 
adhesion. Importantly, the highest level of enhanced cell adhesion 
induced by HGF was on laminin 1 substrates. 

Analysis ofintegrin expression and Junction 

To characterize the relative expression of integrins on the surface 
of MTLn3 cells, we performed surface biotinylation followed by 
immunoprecipitation of detergent cell lysatcs with specific MAb 
(Fig. 4). The results showed that MTLn3 cells had moderate 
amounts of a2, a3, a5, and a6 integrins that were associated with 
their ^ I partner. Immunoprecipitation with anti-al antibody recov- 
ered little if any material, indicating negligible amounts of a 1^1 
expression in these cells. Anti-p4 antibody (clone 3EI) recovered a 
small amount of the a6p4 complex (not shown), with major 
polypeptides con-esponding to the expected 180-200, 170, and 130 
kDa p4 subunit and its proteolytically cleaved polypeptides and the 
140 kDa a6 subunit under non-reducing conditions (Giancotti et 
al.y 1992). However, most of the a6 was associated with the (31 
partner. Flow cytometry confirmed the relative expression of 
individual integrins for which suitable antibodies were available. 
For example, relative mean fluorescence intensities were 280.8 for 
P 1 , 4.8 for al and 69.9 for a2 subunits. 

Inhibition of cell adhesion by integrin-blocking antibodies 

We tested different integrin function-blocking antibodies in 
adhesion assays. As expected, the anti-al (HA31/8) integrin- 
blocking antibody failed to have an inhibitory effect, since this 
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Figure 2 -Effect of HGF on MTLn3 cell migration on ECM 
ligands. (a) Tumor cells were placed in the upper wells of modified 
Boyden chambers containing filters coated on the underside with 
laminin 1, type I collagen or fibronectin. HGF (20 ng/ml) was added in 
the lower chamber. After 4 hr of incubation, the number of cells that 
had migrated to the underside of the membrane was counted in 4 
randomly chosen fields (magnification X400). Results are means of 6 
different replicates; bars represent S.D. (b) Migration on laminin 
I -coated filters (5 |ig/ml) in the presence of HGF (2.5-20 ng/ml). This 
result, a representative experiment with means of 6 replicates, showed 
a dose-dependent effect of HGF on cell migration on laminin. 



integrin is not expressed by these cells (Fig. 5a). However, anti-a2 
(HAl/29), anti-rat a3 (Ralph 3-1) and anti-pi (HA2/11) integrin 
function -perturbing antibodies inhibited cell adhesion to and 
spreading on laminin by about 30, 50 and 90%, respectively. 
Moreover, cell adhesion to laminin 1 could be nearly completely 
blocked (80% inhibition) by the combination of ariti-a2 and 
anti-a3 MAbs (Fig. 5a). Although MTLn3 cells express significant 
levels of a6 integrin, the lack of anti-rat a6 blocking MAb 
precluded the possibility of assessing this integrin *s function in 
adhesion. 

On type I collagen substrates, we found that anti-a2 and anti-pi 
integrin function-perturbing MAbs almost completely inhibited 
cell adhesion to this substrate; in contrast, the anti-al and -a3 
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Figure 3 - Stimulatory effect of HGF on MTLn3 cell adhesion to ECM proteins. Tumor cells were seeded on 96-well dishes coated with 
different concentrations of {a,b) laminin 1, (c) type I collagen, and (cf) fibronectin, without (open circle) or with (closed circle) HGF (20 ng/ml). 
Cells were stimulated by HGF to adhere to all 3 ECM proteins within 15 min. Data, shown as means of 4 replicates, are expressed as percent 
adhesion and are representative of at least five individual experiments. Bars represent S.D. (a) Dose-response of HGF-stimulated cell adhesion to 
laminin 1- coated dishes. 



integrin antibodies failed to produce an inhibitory effect (Fig. 5^). Inhibition of cell migration by integrin-blocking antibodies 

This indicated that MTLn3 cells primarily use a2pi integrin to Next, we performed migration assays of MTLn3 cells on laminin 

adhere to type I collagen. 1 and type 1 collagen substrates in the presence and absence of 
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Figure 4 - Analysis of integrin heterodimers. MTLn3 cells were 
biotinylated and then extracted for immunoprecipitation with anti- 
integrin antibodies: anti-pl (lane 1), anti-al (lane 2), anti-a2 (lane 3), 
anti-a3 (lane 4), anti-a5 (lane 5) and anti-a6 (lane 6). Samples were 
analyzed by SDS-PAGE in 7.5% polyacrylamide gels under reducing 
conditions, and visualized by chemiluminescence. The positions of 
molecular mass markers in kDa are indicated. 



available integrin inhibitory antibodies. We found that a2 integrin 
and a3 integrin function-blocking antibodies effectively blocked 
cell migration on laminin 1; in the presence of anti-pl antibody, the 
number of migrating cells decreased nearly 80% (Fig. 6a). This 
result indicated that both a23 1 and a3pl integrin complexes play a 
role in MTLn3 cell migration on laminin as well as in adhesion. 

As expected, MTLn3 cell migration on type 1 collagen was not 
prevented by anti-al integrin antibody but was significantly 
inhibited by anti-a2 and anti-pi antibodies (Fig. 6b), This sug- 
gested that the a2pl integrin plays the major role in mediating 
motility as well as adhesion of these cells on type I collagen. 

Tyrosine phosphorylation induced by HGF 

Since the rapid modulation of adhesion of cells treated with a 
growth factor is often accompanied by changes in protein tyrosine 
phosphorylation, we wondered whether the stimulatory effect of 
HGF on adhesion of MTLn3 cells might involve activation of any 
cellular protein downstream from the tyrosine kinase receptor 
c-Mct. Using anti-phosphotyrosine antibody, we performed immu- 
noblot analysis of cell lysates prepared from 24 hr 2% serum- 
containing cultures of MTLn3 cell cultures treated widi HGF or 
untreated. 

HGF increased tyrosine phosphorylation of a number of proteins 
in MTLn3 cells in a dose-dependent manner (Fig. Id). In particular, 
enhanced tyrosine phosphorylation of 2 polypeptides of 145 and 
125 kDa was detected in response to HGF. Wc next assessed 
whether the 145-kDa protein was c-Met, using immunoprecipita- 
tion analysis. Cells were stimulated with HGF, solubilizcd and 



Figure 5 -Effects of anti-integrin antibodies on MTLn3 cell 
adhesion to {a) laminin 1 (10 ^g/ml) and to (6) type I collagen (0.5 
|ig/ml). Tumor cells were preincubated with antibodies to al (clone 
HA31/8, 10 ^g/ml), a2 (clone HAl/29, 10 ng/ml), a3 (hybridoma 
supernatant), and pi (clone HA2/U, 10 ^g/ml) and held on ice for 15 
min. They were then distributed to 96-well plates pre-coated with the 
ECM proteins and incubated at 37°C for 30 min. Adhesion assays were 
performed as indicated in Material and Methods. Results are shown as 
percent inhibition of control adhesion, assessed in the absence of 
antibodies; bars represent S.D. 



immunoprecipitated with anti-c-Met antibody (CI 6). Analysis of 
the immunoprecipitates by immunoblotting with anti-phosphotyro- 
sine antibody PY20 verified that the 145 kDa polypeptide P-chain 
of c-Mct was activated by HGF (Fig, lb). 
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Identification ofFAK 

To determine whether the 125 kDa tyrosine-phosphorylated 
protein was FAK, we immunoprecipitated cell lysates with anti- 
FAK polyclonal or monoclonal antibody, followed by immunoblot- 
ting with anti-phosphotyrosine antibody. We detected a significant 
and specific increase of tyrosine-phosphorylated FAK in MTLn3 
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cells treated with 10 ng/ml of HGF compared with control (Fig. Id, 
right panel). 

Identification of a FRNK-like protein 

Moreover, a lower band corresponding to about a 40 kDa protein 
was detected in the FAK blot from cell lysates immunoprecipitated 
with anti-FAK for protein loading control (Fig. Id, left panel). This 
lower band was also detected in the FAK immunoblot from whole 
cell lysate (Fig. 7c, left panel). Moreover, it could not be clearly 
detected in the blot from lysates immunoprecipitated with anti- 
FAK and probed with anti-phosphotyrosine antibody, neither in 
control nor in HGF-treated cells (Fig. Id, right panel), as well as in 
the anti-phosphotyrosine blot from the whole cell lysate (Fig. 7c, 
right panel). On the basis of these observations, we think that the 40 
kDa band is likely to correspond to a FRNK-like molecule, the 
non-catalytic COOH-terminal domain of FAK, Indeed, FRNK does 
not contain tyrosine residues, and this explains the lack of its 
detection in the anti-phosphotyrosine blot. 

Enhanced focal adhesion formation by HGF 

We next determined whether HGF treatment resulted in recruit- 
ment of FAK to focal adhesions. MTLn3 cells were seeded on 
uncoated coverslips and cultured in 2% serum for 24 hr, then 
treated with HGF or untreated for 10 min and stained with 
anti-FAK antibody followed by FITC-conjugatcd secondary anti- 
body. In response to HGF, cells showed extensive formation of new 
focal adhesions, as indicated by greatly increased staining for FAK 
at the cell periphery (Fig. 8). These FAK-positive focal contacts 
also stained for vinculin and a-actinin (not shown). 

Dependence of HGF-induced FAK activation on ceil adhesion 

To assess whether HGF-induced activation of FAK requires 
concurrent and specific integrin engagement, we studied tyrosine 
phosphorylation of FAK immunoprecipitated from MTLn3 cells 
attached to type I collagen, fibronectin, or laminin 1 substrates (Fig. 

9) . On all substrates, HGF-induced stimulation of FAK autoactiva- 
tion was detected. The relative increase in FAK tyrosine phosphor- 
ylation following HGF treatment compared to control cultures 
varied depending on the substrate ligand. On type I collagen 
substrates, a strong HGF-induced stimulation of tyrosine phosphor- 
ylation was observed. On fibronectin substrates, the HGF-induced 
stimulation of FAK tyrosine phosphorylation was less than that 
produced on type I collagen substrates, owing to the somewhat 
higher level of baseline phosphorylation. For laminin 1 substrates, 
an increase in FAK autophosphorylation was observed but was less 
intense than for the other 2 ligands. Such differences in the control 
level of FAK activation and HGF-induced stimulation may be 
related to differences in initial adhesion rates to each substrate. 

Next, to determine whether cell attachment was required for 
HGF activation of FAK, we itfimunoprccipitated protein lysates 
from suspended and attached cells with anti-FAK antibody, fol- 
lowed by immunoblotting with anti-phosphotyrosine antibody. No 
HGF-induced increase in tyrosine phosphorylation of FAK was 
detected in suspended MTLn3 cells as compared with control (Fig. 

10) . In contrast, attached cells showed the expected increase in 
FAK tyrosine phosphorylation when stimulated with HGF (Fig. 
10). 



Figure 6 - Effects of anti-integrin antibodies on MTLn3 cell 
migration on (a) laminin 1 and (b) type I collagen. DifTerent integrin 
function-blocking antibodies (used at the same concentrations as in 
adhesion inhibition assays) were added to the lower wells of Boyden 
chambers, and MTLn3 cells were placed in the upper chamber wells. 
Undersides of filters were coated with laminin 1 or type I collagen (10 
|ig/ml). Results are shown as percent inhibition of control migration 
within 4 hr in the presence of anti-al , -a2, -a3 and -pi integrin MAbs. 
Bars represent S.D. 
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Figure 7 - Analysis of tyrosine phosphorylation, {d) Dose-dependent protein tyrosine phosphorylation profile in response to HGF. MTLn3 cell 
cultures in 2% serum-containing medium were untreated (0) or treated with HGF (1.25-20 ng/ml) for 10 min before lysis. Cell lysates containing 
the same amount of protein were analyzed by SDS-PAGE in 7.5% polyacrylamide gels under reducing conditions, and immunoblotted with 
anti-phosphotyrosine antibody. Lysates from MTLn3 cells untreated (-) or treated with (+) 10 ng/ml HGF were immunoblotted with anti-FAK 
antibody (c, left panel) or anti-phosphotyrosine antibody (c, right panel). Cell extracts, prepared as above, were immunoprecipitated with 
anti-c-Met (6) or anti-FAK antibody {dy right panel) and immunoblotted with anti-phosphotyrosine antibody. The same blot from FAK 
immunoprecipitation and analysis for phosphotyrosine was stripped and re-probed with anti-FAK antibody for protein loading control (d^ left 
panel). 



DISCUSSION 

HGF and the c-Met tyrosine kinase receptor have been impli- 
cated in the development and growth of breast carcinoma (Tuck et 
fl/., 1996). HGF promotes invasion of breast carcinoma cells, 
suggesting that this growth factor and its receptor arc involved in 
tumor dissemination (Beviglia et al., 1997). High levels of 
HGF/scatter factor (SF) in primary human breast carcinomas have 
been found to correlate with aggressive tumors and poor survival 
(Yamashita et al,, 1994). Importantly, c-Met is frequently overex- 
prcssed in human breast carcinoma and may be related to an 
invasive phenotype (Tuck et al., 1996; Beviglia et al., 1997). Taken 
together, there is substantial evidence to suggest that HGF/SF and 
the c-Met receptor play an important role in tumor progression in 
human breast cancer. 

In the current study, we investigated the effect of HGF on the 
adhesive properties of MTLn3 rat breast carcinoma cells. In 
addition to inducing cell scattering and stimulating cell migration 



on ECM proteins, HGF rapidly stimulated MTLn3 cell adhesion to 
the ECM ligands laminin 1 , type I collagen and fibroncctin. Weimar 
et al. (1997) reported also that HGF induced an increase in 
lymphoma cell adhesion to fibronectin and type I collagen. 
However, in the Weimar study HGF failed to stimulate lymphoma 
cell adhesion to laminin, whereas in our study the effect of HGF 
appeared to be less specific. Moreover, the highest level of 
cnhancisd cell adhesion induced by HGF was on laminin I 
substrates. Therefore the differences in the HGF effect may be 
dependent, in part, on the tumor cell type. 

Integrins appear to be a primary mechanism by which tumor 
cells interact with the ECM leading to invasion and metastasis 
(Stetler>Stevenson et aL, 1993). We have found that the HGF- 
induced increases in MTLn3 cell adhesion and migration were 
mediated by (31 integrins; a2(31 and a3pi mediated most of the 
cell adhesion and migration on laminin I and showed a synergistic 
effect, and a2pl was the major receptor for type I collagen. 
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Control HGF 

Figure 8 - FAK immunostaining. Tumor cells were seeded on uncoated coverslips in 2% serum-containing medium for 24 hr, treated with 
HGF or untreated for 10 min, and stained for FAK. Cells showed extensive lamellipodia protrusions in response to HGF, likely due to formation of 
new focal adhesions, as indicated by greatly increased staining for FAK at the cell periphery. Scale bar = 30 \un. 
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Figure 9 - Dependence of HGF-induced tyrosine phosphorylation 
of FAK on cell adhesion. MTLn3 cells were harvested and allowed to 
adhere to plastic dishes precoated with type I collagen (0.5 jig/ml), 
fibronectin (5 iig/ml), or laminin 1(10 \i$/m\) without (-) or with (+) 
HGF (10 ng/ml) at 37**C for 1 5 min. Cell extracts were immunoprecipi- 
tated with anti-FAK polyclonal antibody and immunoblotted with 
anti-phosphotyrosine antibody. HGF stimulated tyrosine phosphoryla- 
tion of FAK in HGF-treated cells adherent on all substrates. 

attached suspended 
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Figure 10 - Tyrosine phosphorylation analysis in suspended MTLn3 
cells. Adherent or freshly harvested and suspended cells were untreated 
(-) or treated with (+) HGF (10 ng/ml) for 10 min at 37^C and lysed. 
Lysates containing the same amount of protein were subjected to 
immunoprecipitation analysis with anti-FAK antibody and immunoblot- 
ted with anti-phosphotyrosine MAb. No change in the low level of 
tyrosine-phosphorylated FAK was detected in suspended cells without 
or with HGF; however, an increase in tyrosine-phosphorylated FAK was 
detected in HGF-treated adherent cells as compared with control cells. 

Because of the unavailability of function-blocking antibody, we 
were unable to determine the contribution of a6 integrin to MTLn3 
cell adhesive interactions with laminin. However, since the combi- 
nation of blocking MAb to a2 and a3 integrins cfFectivcly inhibited 
adhesion to laminin, wc conclude that a6 integrin is not active in 
the MTLn3 cells. 

Moreover, in our study, HGF induced formation of lamellipodia 
protrusions and new focal adhesions and possibly rapid recruitment 
of FAK to focal contacts. In correlation with these events induced 



by HGF, we observed a specific and significant increase in tyrosine 
phosphorylation of FAK. Our results suggest that FAK may play a 
role in the HGF stimulation of focal adhesions of MTLn3 cells. 
Also, the HGF-induced stimulation of FAK tyrosine phosphoryla- 
tion in MTLn3 cells was independent of the type of integrin 
receptors engaged with ECM. Although small differences were 
observed in the control level of FAK activation and HGF-induced 
stimulation, these were due to differences in cell adhesion rate to 
each substrate. 

FAK tyrosine phosphorylation occurs during formation of focal 
adhesions and spreading on ECM (Burridge et aL, 1992). More- 
over, FAK is involved in the growth factor signaling cascade. Our 
results provide additional evidence for the involvement of FAK in 
such signaling pathways, and also provide evidence for the 
activation of FAK by HGF in breast carcinoma cells. Although 
others have shown that EGF stimulates MTLn3 cell adhesion and 
spreading (Lichcncr et aL, 1993), an increase in tyrosine phosphor- 
ylation of FAK has not been reported. Possibly, FAK could also be 
involved in the effects of EGF and have an important role in the 
metastatic dissemination of breast carcinoma. 

In our study, the intcgrin/ECM and the HGF/c-Mct signaling 
pathways appeared to cooperate to induce FAK activation in an 
adhesion-dependent manner. Indeed, HGF failed to stimulate FAK 
tyrosine phosphorylation in MTLn3 cells in suspension, which 
suggests that integrin adhesive function is required for HGF to 
induce activation of FAK, and may exclude the possibility of 
different mechanisms by which the receptor c-Mct and integrins 
stimulate FAK. After completion of our work, Chen et dl. (1998) 
reported that stimulation of tyrosine phosphorylation of FAK by 
HGF in human embryonic kidney 293 cells is independent of cell 
adhesion and does not involve integrin signaling. Therefore, in 
contrast with these results, our findings are important in that they 
provide evidence of HGF-induced FAK tyrosine phosphorylation 
as a consequence of integrin engagement in the breast carcinoma 
cells examined. 

Many studies have focused on HGF-induced scattering activity 
and subsequent dissociation of cells and stimulated locomotion. 
(Matsumoto e( al., 1994; Jiang et aL, 1999). Tumor cell adhesion to 
substrata is a prerequisite before cells migrate and invade. There- 
fore, our results suggest that the effect of HGF on migration is a 
secondary response. Cell adhesion appears to involve assembly of 
focal adhesions first, whereas motility requires their disassembly. 
Focal contacts contain an assembly of kinases (Yamada and Gcigcr, 
1997) (e.g., Src, Rho-family GTPasc, PI-3 kinase) and cytoskcletal 
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proteins (e.g., vinculin, actinin, paxillin), and FAK interacts with 
several cytoskclctal proteins at these sites. We previously reported 
that in oral squamous carcinoma cells,'HGF induced an increase in 
tyrosine phosphorylation of FAK at focal adhesions for up to 30 
min, followed by spreading; after this time, FAK tyrosine phosphor- 
ylation and its localization in focal adhesions decreased in correla- 
tion with migration of cells (Matsumoto et al., 1 994). In the present 
study, we also found a time-dependent increase in protein tyrosine 
phosphorylation: MTLn3 cells showed a maximum increase at 10 
min, persisting to 30 min, and a decrease thereafter (data not 
shown). Therefore our results, in accordance with those of Matsu- 
moto et al, (1 994), suggest that after accumulation and activation of 
both cytoskcletal proteins and FAK in the focal contacts during cell 
adhesion and spreading, attenuation of activation events takes place 
together with disassembly of focal adhesions and cell motility. 
However, the mechanism by which HGF promotes MTLn3 cell 
migration other than cell adhesion is less clear and the precise role 
of FAK in cell motility remains to be better elucidated, despite the 
extensive evidence shown for the. activation of FAK during cell 
adhesion and spreading. 

II ic et al. (1995) showed that FAK-null embryonic mouse 
fibroblasts did form focal adhesions and had a high level of tyrosine 
phosphorylation of several cytoskcletal proteins; however, these 
cells had impaired motility. This finding suggests that FAK is 
important for cell motility and it might act as a regulatory protein 
that also coordinates disassembly of focal contacts, as occurs 
during cell motility. However, in our study we found that FAK 
tyrosine phosphorylation decreases after 30 min of HGF treatment 
and that MTLn3 cells in the presence of HGF migrate more than 
untreated cells within 4 hr. Therefore, there must be some 
mechanism by which HGF stimulates cell locomotion, and this 
effect does not appear to be due directly to tyrosine phosphoryla- 
tion of FAK that decreases with time, whereas its increase is 
required for stimulation of cell adhesion. Richardson and Parsons 
(1996) have noted that tyrosine phosphorylation of FAK is 
important in regulating formation of new focal adhesions, which is 
consistent with our observations showing formation of lamcllipo- 
dia extensions in continually adherent MTLn3 cells treated with 
HGF for 10 min. Richardson and Parsons (1996) have also reported 
that FRNK overexpression in chicken fibroblasts determines a 
delayed cell spreading on fibroncctin. In addition, a GST-C- 
terminus fusion protein containing the FAK focal adhesion target- 
ing sequence induces decrease of motility and proliferation in 
endothelial cells (Gilmorc and Romer, 1996). On the basis of our 
results, showing that a FRNK-like protein is expressed by MTLn3 
cells and perhaps is uprcgulated by HGF treatment, it is reasonable 
to assume that FRNK might explain in part the HGF-induced 
motility of these cells. Indeed, it is possible that the FRNK-like 
molecule in our system might determine decrease of FAK tyrosine 
phosphorylation and relocation of FAK firom focal adhesions to the 



inside of cells that results in a motile cellular phenotype. In 
conclusion, both FAK and FRNK might control the adhesive 
properties of MTLn3 cells, determining, respectively, assembly of 
focal adhesions iirst and their disassembly later together with cell 
locomotion. 

All existing studies have reported the effect of FRNK or the 
C-terminus of FAK in normal cells; there is a lack of experimental 
evidence for its role in tumor cells. Interestingly, when the 
carboxy-terminal domain of FAK corresponding to FRNK is 
exogeneously expressed into BT474 human breast carcinoma cells, 
it causes loss of adhesion and viability, decrease of FAK activation 
and inhibition of cell growth (Xu et al., 1998). Since we also 
observed HGF-induced inhibition of MTLn3 cell growth by 50% 
within 4 days (not shown), the interpretation could be that a 
FRNK-like molecule we detected might be responsible, at least in 
part, for the HGF-induced inhibition of MTLn3 cell growth. 

Autophosphorylation of c-Met induced by binding of its ligand, 
HGF, initiates a cascade of intracellular events involving activation 
of multiple downstream signaling pathways. Several protein ki- 
nases have been shown to be activated by and associated with 
tyrosine-phosphorylated c-Met, such as Grb, Src, MAP kinase, 
Ras, and PI3-kinase (Jiang et al., 1999). Our results indicate that 
FAK, activated by HGF, may associate with c-Mct and play an 
important role in the HGF/c-Mct signaling cascade in MTLn3 cells. 
Since FAK lacks SH2 domains and needs adaptor proteins to 
interact with phosphorylated tyrosine residues, direct association of 
FAK with activated c-Met is unlikely. PI3-kinase and Src are 
possible candidates for mediating association of FAK with c-Met in 
MTLn3 cells. 

Stimulation of FAK has not been studied in tumor cells as much 
as it has in fibroblasts (Hatai et al., 1994). However, some studies 
have indicated overexpression of FAK in invasive tumors (Owens 
et al., 1995). Also, a constitutive activation of FAK is often 
observed in tumors. Interestingly, MTLn3 tumor cells appear to 
differ in that they have low levels of expression and activation of 
FAK, in contrast to HSC-3 oral carcinoma cells previously studied. 
This observation suggests that the expression of a FRNK-like 
protein in MTLn3 cells could affect expression as well activation of 
FAK that remains low in the untreated cells and greatly increases 
by treatment with HGF. Therefore, gaining an understanding of the 
pattern of activation and ftinction of FAK, and perhaps FRNK, in 
tumor progression to an invasive phenotype appears worthwhile. 
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Overexpression of the c-M£ J/HGF receptor gene in human thyroid 
carcinomas 
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The receptor for Hepatocyte Growth Factor is a trans- 
membrane tyrosine kinase encoded by the c-MET 
oncogene. We have previously shown that the Met pro- 
tein is expressed in several human epithelial tissues. The 
receptor is barely detectable, however, in normal 
thyroids and in specimens from patients affected by non- 
neoplastic thyroid diseases. Now we report that the ex- 
pression of the MetIHGF receptor is increased a hun- 
dred fold in 22 out of 41 human carcinomas derived 
from the thyroid follicular epithelium. A comprehensive 
analysis of 15 cases showed that the overexpressing car- 
cinomas belong to histotype* variants correlated with 
negative prognosis and in aU but one case there were 
evidences of locally advanced disease and/or distant 
metastases. The 11 benign adenomas and the 5 medullary 
carcinomas tested were negative. Western blot analysis 
with monoclonal antibodies directed against either the 
intracellular or the extracellular receptor domains failed 
to reveal major structural alterations. Southern blot 
analysis also demonstrated that the c-MET gene was not 
amplified nor rearranged. These data suggest a role for 
the overexpression of c-MET oncogene in the 
pathogenesis and progression of thyroid tumors derived 
from the follicular epithelium. 



Oncogenes encoding tyrosine kinases are amplified 
and/or overexpressed in a number of human cancers. 
The ERBB'l gene was found to be overexpressed in 
squamous carcinomas (Hendler & Ozanne, 1984; 
Yamamoto et aL, 1986; Lu et al., 1988), in renal cell 
carcinomas (Weidner et ai, 19906) and in ghoblas- 
tomas (Libermann et al., 1985; Wong et aL, 1987). The 
ERBB-2 gene is overexpressed in carcinomas of the 
breast (Slamon et t2/.,.1987), ovary (Slamon et aL, 
1989), stomach (Park et al., 1989), colon (Cohen et aL, 
1989) and salivary glands (Cohen et aL, 1989). 
Moreover, in breast, ovary and gastric cancers ERBB-2 
gene overexpression has been associated with poor sur- 
vival (Slamon et aL, 1987; Berchuck et aL, 1990; 
Yonemura et aL, 1991). In some cases the overexpres- 
sion of these oncogenes is associated with gene 
amplification. FLG and BEK oncogenes, encoding 
tyrosine kinase receptors for ligands of the Fibroblast 
Growth Factor family, were found amplified in 10% of 
breast cancers (Adnane et aL, 1991). Activation of the 
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ABL oncogene by translocation has been reported to 
occur in 95% and 15% of chronic myelogenous and 
acute lymphoblastic human leukemias respectively 
(Ben-Neriah et aL, 1986; Croce et aL, 1987; Hermans 
et aL, 1987). Moreover, in thyroid carcinomas two 
oncogenes encoding tyrosine kinase receptors, TRK 
and RET, have also been found to be activated at high 
frequency by structural alterations, leading to the for- 
mation of fusion sequences (Fusco et aL, 1987; Bon- 
garzone et aL, 1989; Grieco et aL, 1990). 

The C'MET oncogene encodes a transmembrane 
tyrosine kinase identified as the receptor for a polypep- 
tide known as Hepatocyte Growth Factor (HGF; Bot- 
taro et aL, 1991; Naldini et aL, \99la) or Scatter 
Factor (SF; Naldini et aL, 19916). HGF/SF is a potent 
mitogen for epithelial cells (Zarnegar et aL, 1989a; 
Miyazawa et aL, 1989; Nakamura et aL, 1989) and 
promotes cell motility and invasion (Stoker et aL, 1987; 
Weidner et aL, \990ay The Met /HGF receptor has a 
unique structure, being a 190 kDa heterodimer of two 
disulphide-Hnked subunits: an extracellular 50 kDa a 
chain and a transmembrane 145 kDa P chain (Gior- 
dano et aL, 1989a), endowed with tyrosine kinase 
activity (Gonzatti-Haces et aL, 1988). The receptor is 
synthesized as a 170 kDa precursor that is glycosylated 
and cleaved to give the mature heterodimer (Giordano 
et aL, m9b). 

The C'MET oncogene has been originally identified 
in rearranged form by transfection of DNA from a 
human osteosarcoma cell line treated in vitro with a 
chemical carcinogen (Cooper et aL, 1984; Park et aL, 
1986). The c-MET proto-oncogene was also found to 
be constitutively activated in a human gastric car- 
cinoma cell line where it is amplified and overexpressed 
(Giordano et aL, 1988; Ponzetto et aL, 1991). We have 
previously shown that the Met/RGF receptor is selec- 
tively expressed in several normal human epithelial 
tissues as well as in carcinomas (Di Renzo et aL, 1991; 
Prat et aL, 1991a). In this work we report that the 
Met/HGF receptor is overexpressed at high frequency 
in thyroid carcinomas derived from the follicular 
epithelium. 



Results and Discussion 

The expression of the Met protein was examined in a 
series of human tissues obtained from individuals 
elected as organ donors and immediately frozen. Speci- 
mens of normal thyroid obtained from different indivi- 
duals were compared with samples of other epithelial 
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tissues (Figure 1). Total protein separated by SDS- 
PAGE in the presence of reducing agents were 
analysed by Western blotting. In these conditions the 
two disulphide-linked chains of the 190.kDa complex 
are resolved. The P chain of 145 kDa was labelled by 
an antiserum raised against a synthetic peptide corres- 
ponding to the C-terminal tail of the human receptor. 
The Met/HGF receptor was barely detectable in 
thyroid, while high levels were found in liver, intestine, 
prostate and uterus (Figure 1). No immunoreactivity in 
either follicular or parafollicular cells was detected, 
when thyroids were examined by immunofluorescence 
microscopy with anti-Met monoclonal antibodies (Prat 
et al., 1991a). Thus the data obtained from Western 
blotting and from immunohistochemistry experiments 
are consistent with the presence of an extremely low 
number of Met/HGF receptors homogeneously distri- 
buted among the thyroid epithehal cells. Thyroids 
affected by non-neoplastic diseases, such as simple and 
multinodular goiters and Graves' disease, were also 
examined (Figure 1, Table 1). In the latter, as in 
normal thyroid, the Me//HGF receptor was almost 
undetectable. 

The expression of the Met/HGF receptor in thyroid 
tumors was investigated by Western blot analysis of 
total proteins from surgical specimens, labelled by the 
antiserum as above. Twenty-two out of the 46 car- 
cinomas studied were scored positive (Table 1). All the 
medullary (five) and the anaplastic (five) carcinomas 



Table 1 Overexpression of the Mei/HGf receptor in human 

thyroid tissues 





No. positive/ 


Samples 


No. tested 


Normal thyroids 


0/12 


Non-neoplastic diseases'* 


0/19 


Adenomas 


0/11 


Medullary carcinoma 


0/5 


Carcinomas of the follicular epithelium: 




Follicular carcinoma 


2/9 


Papillary carcinoma 


17/23 


Poorly differentiated carcinoma 


3/4 


Anaplastic carcinoma 


0/5 



''These include 10 cases of Graves' disease and 9 multinodular 
goiters. 
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Figure 1 Western blot analysis of the Met/HGF receptor ex- 
pressed by normal human tissues. Tissues were pulverized using a 
Mikro-Dismembrator (B-Braun) in the presence of liquid nit- 
rogen. Four hundred fig of proteins, solubilized from the whole 
powdered tissue in boiling Laemmli buffer (Laemmli, 1970) con- 
taining the reducing agent p-mercaptoethanol, were loaded onto 
each lane. Proteins were separated by polyacrylamide gel elect- 
rophoresis and transferred to nitrocellulose sheets. Western blot 
analysis was carried out as described by Towbin et al. (1979). 
Nitrocellulose sheets were labelled with a rab bU polyclonal 
antisefupi^ Raised against a pept ide corresponding to mneteen 
C-terminal amino acids (trom ser"" to Ser'^**) of the c-MET 
sequence (EMBL Data-Bank reference X54559), followed by 
'^^I-labelled Protein A. X-ray films were exposed for 10 days with 
intensifying screens. The size of proteins was estimated by using 
phosphorylase b (92.5 kDa), bovine serum albumin (69 kDa), egg 
albumin (43 kDa) which had been prelabelled by ['^Qmethylation 
as markers (Amersham) 

examined were negative. Among the 11 adenomas 
tested, none expressed an elevated level of Met/HGF 
receptor. The overexpression of the Met/HGF receptor 
was in the order of a 100-fold increase (Figure 2). All 
the positive tumors originated from the follicular 
epithelium (Table 1): 

Fifteen carcinomas were further sub-classified ac- 
cording to their histological and clinical features 
(Sakamoto et ai, 1983; Hermanek & Sobin, 1987; 
Johnson et al., 1988; Sobrinho-Simoes et al., 1988): all 
the positives showed evidences of an aggressive pheno- 
type at both histological and clinical levels (Table 



Table 2 MET overexpression and TRK and RET rearrangements in thyroid carcinomas derived from the follicular epithelium 



Patient 


Sex 


Age 


Histology 




TNM^ 


MET REP 


TRK' 


Follow-up (patient status and duratiorf) 


91 


F 


69 


• 

Pap. ca 




T3N0M0 








Alive, no evidence of disease (60) 


96 


M 


18 


Pap. ca., columnar var. 




T4N,,Mi(PUL) 




+ 




Alive, with disease (24) 


98 


F 


44 


Pap. ca., microcarcinoma 


var. 


T.NoMo 

TjNoMiCOSS, PUL) 








Alive, no evidence of disease (48) 


110 


M 


43 


Poorly difTerentiated ca. 




+ 






Alive, with disease (36) 


112 


F 


23 


Pap. ca., tall cell var. 




T2N0M0 


+ 




+ 


Alive, no evidence of disease (42) 


121 


M 


57 


Foil, ca., widely invasive 


var. 


T3NoM,(OSS) 








Alive, with disease (42) 


128 


F 


43 


Pap. ca., follicular var. • 




T4NibMo 


+ 






Lost 


137 


M 


15 


Pap, ca. 




T4N„M,(0SS) 








Lost 


157 


F 


66 


Foil, ca., widely invasive 


var. 


T4NoM,(OSS) 


+ 






Lost 


162 


F 


37 


Pap. ca., columnar cell var. 


T4N,bMo 


+ 


+ 




Alive, no evidence of disease (24) 


167 


M 


59 


Foil, ca., widely invasive 


var. 


T2N0M0 








Lost 


193 


F 


57 


Foil, ca., widely invasive var. 


T^NuMo 
T3NoMo(R2) 








Alive, no evidence of disease (19) 


204 


F 


66 


Foil, ca., widely invasive 


var. 








Alive, with disease (12) 


212 


M 


44 


Pap. ca., follicular var. 




T4N„Mo(R2) 




+ 




Alive, with disease (1^) 


217 


F 


74 


Poorly differentiated ca. 




T4N0M0 


+ 






Alive, no evidence of disease (9) 



■Abbreviations: Pap. ca,, papillary carcinoma; Foil, ca., follicular carcinoma; var., variant. ^Pathological TNM according to the TNM 
classification of malignant tumors (Hermanek & Sobin, 1987). "^Overexpression detected by Western blot analysis. ^'Rearrangement detected by 
Southern blot analysis. 'Months. 
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Figure 2 Western blot analysis of the A/er/HGF receptor expressed by thyroid tumors. Two hundred jig of total proteins, 
solubilized from samples as described in the legend to Figure 1, were loaded onto each lane. Blots were probed with the antiserum 
described in the legend to Figure 1. Numbers on the top of each lane indicate different patients. The classification of the tumors 
analysed is reported in brackets (Papill. ca., papillary carcinoma; Follic. ca., follicular carcinoma; Medull. ca., medullary 
carcinoma. Poorly diff. ca., poorly differentiated carcinoma). X-Ray films were exposed for 4 days. 



2). Three were papillary carcinomas belonging to histo- 
logical subtypes with aggressive behaviour (i.e. the 'tall 
cell' variant, Johnson et al., 1988; and the 'columnar 
ceir variant, Sobrinho-Simoes et aL, 1988, now also 
considered as poorly differentiated papillary carcinoma 
subtypes). The fourth papillary carcinoma showed 
evidence of an unusual vascular invasion. Of the other 
cases, two were classified as poorly differentiated car- 
cinomas (Sakamoto et al., 1983) and one as a widely 
invasive follicular carcinoma (Hediger, 1988). With 
regard to the extent of the disease (Table 2), three had 
distant metastases at presentation (Ml) and four 
showed evidence of extracapsular infiltration (T4). 

To ascertain whether the Met/HGF receptor overex- 
pressed in these thyroid tumors had structural features 
of the authentic receptor, proteins were labelled with 
two different monoclonal antibodies. The DQ-13 
antibody was directed against the C-terminal tail; the 
DL-21 bound an epitope located in the extracellular 
domain (Prat et al., 19916). Both the epitopes were 
present in the Met receptor expressed by the tumors, 
showing that the protein did not undergo major struc- 
tural alterations. The DL-21 antibody also detected the 
85 kDa P chain variant -lacking the cytoplasmic domain 
(Figure 3). This truncated form has been previously 
described: its physiological role in modulating Met/ 
HGF receptor functions has been discussed elsewhere 
(Prat et aL, \99\b). 

To investigate whether the overexpression of the 
Met/HGF receptor, observed in the thyroid tumors, 
was due to c-MET gene rearrangement or 
amplification, Southern blot analysis was performed 
using a cDNA encompassing the entire c-MET coding 
sequence as a probe. Identical restriction patterns were 
detected in the tumors after EcoRI or Hindlll diges- 
tion (data not shown). The same fragments were 
obtained by digestion of DNA from a reference cell 
line where the MET cDNA was cloned and sequenced 
(Ponzetto et aL, 1991). No evidence for amplification 



was found judging from the intensity of the DNA 
bands obtained from the tumors overexpressing the 
MetjYiGF receptor. 

The molecular basis of the carcinogenesis of thyroid 
follicular epithelium is largely unknown. The occur- 
rence of RAS mutations in both benign adenomas and 
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Figure 3 Western blot analysis of the Met/HGF receptor exp- 
ressed by thyroid tumors. Two hundred MS of total proteins 

solubilized from samples were loaded onto each lane. Blots were 
probed with monoclonal antibodies directed against the extrac el- 
lu lar domain of the A/g/ g chain (Prat et aL, 1991^ ), tollowed by 
'"T-labelled Rabbit anti-mouse Ig immunoglobulins. X-ray films 
were exposed for 6 days with intensifying screens. Tbe samples 
are classified as in Figure 2. 



carcinomas strengthens the hypothesis that this 
' oncogefne is involved in the early steps (Lemoine et ai, 
1988, 1989, 1990; Suarez et ai, 1988, 1990), Recently, 
the mutation of the gene encoding the stimulatory 
subunit of adenyl-cyclase (GSP) has been added to the 
list of the molecular events contributing to the malig- 
nant phenotype (Suarez et aL, 1991). The TRK and 
RET oncogenes, both encoding tyrosine kinases, were 
found rearranged in 50% of the papillary carcinomas; 
the rearrangements of these genes correlate vi^ith their 
transforming activity detectable in transfection assay 
(Fusco et al, 1987; Bongarzone ai, 1989; Grieco et 
al,, 1990; Greco et aL, 1992). Therefore 15 out of the 
46 carcinomas examined in this work were also inves- 
tigated for TRK and RET rearrangements, using the 
previously described probe-restriction enzyme com- 
bination (Bongarzone et ai, 1989). Interestingly, 
among the papillary tumors overexpressing the c-MET 
oncogene, one had also rearranged TRK and two had 
rearranged RET sequences. RET was also rearranged 
in one of the papillary carcinomas negative for c-MET 
overexpression (Table 2). This gave strength to the 
possible involvement of tyrosine kinase oncogenes in 
the papillary type of thyroid carcinomas. In our series 
more than 70% of the papillary carcinomas showed 
overexpression of the MET gene and 2 out of the three 
poorly differentiated carcinomas showed areas of papil- 
lary differentiation. Both follicular and papillary car- 
cinomas are believed to originate from the same fol- 
licular cells of the thyroid epithehum though they have 
different pathogenic features and clinical behaviour. 
The follicular carcinoma is associated with endemic 
goiter, low iodine intake and metastasizes almost 
exclusively via the blood-stream, whereas the papillary 
carcinoma is associated with high iodine intake and 
metastasizes by lympathic spread. Altogether, these 
data suggest that activated tyrosine kinases may have a 
role in determining the different properties of the 
tumors derived from the thyroid follicular epithelium. 



The c-MET gene is a receptor-type tyrosine kinase 
oncogene, originally identified as a transforming gene 
activated by rearrangement in cells treated with a 
chemical carcinogen (Cooper et al,, 1984; Dean et ai, 
1985), C'MET was also found to be activated by 
amplification and overexpression (Giordano et ai., 
I9i9a; Ponzetto et al., 1991), suggesting that an inap- 
propriate number of receptors at the cell surface might 
trigger its transforming potential. It seems thus 
reasonable to propose that overexpression of the Met/ 
HGF receptor by neoplastic thyroid follicular cells 
might sustain their growth given the presence of HGF. 
In these tumors, a paracrine relationship could be pos- 
tulated, since Zarnegar et al. (1989Z?) have shown that 
thyroid parafollicular-C cells secrete HGF. Since the 
c-MET oncogene is overexpressed at high frequency in 
papillary and in poorly differentiated carcinomas, but 
not in adenomas, it is suggested that this gene, 
originally described following activation in vitro, can 
play a role in the onset or, more likely, in the progres- 
sion of human cancers of specific histotypes. Recently, 
HGF has been identified with Scatter factor (Naldini et 
ai, 199 If?; Weidner et al., 1991), a polypeptide which 
mediates cell motility and invasion in a number of 
epithelial as well as carcinoma cells (Stoker et ai, 1987; 
Weidner et al, 1990a), Overexpression of the Met) 
HGF receptor may confer to thyroid carcinomas the 
ability to progress towards malignancy through the 
acquisition of a more aggressive behaviour. 
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Oeteetion of M£T oncogene/iiepatocyie growlh factor receptor 

in iympli node metastases 

from head and neck squamous cell carcinomas 



Abstract The c-MET oncogene encodes the receptor for 
hepatocyte growth factor/scatter factor (HGF/SF), which 
is known to stimulate the invasive growth of epithelial 
cells cultured in vitro. The MetfHGF receptor is a hetero- 
dimeric transmembrane tyrosine kinase, which is a proto- 
type for a new family of growth factor receptors. The c-. 
MET oncogene is expressed in several types of epithelial 
tissue including keratinocytes and is over-expressed in a 
number of human carcinomas. Studies on various carci- 
noma cell lines have shown that over-expression and 
structural alteration of the receptor result in its activation 
and confer rumorigenesis. We have studied Met/HG¥ re- 
ceptor expression in tissue specimens from 34 patients 
witli head and neck squamous cell carcinomas (HNSCC) 
and in 17 regional lymph node metastases. Western blot 
analysis was employed, using rnon.oclona] antibodies di- 
rected against cither the intracellular or extracellular do- 
main of the z-ecepton Each sample was compared to its 
normal counterpart. The receptor did not show any major 
structural alterations in HNSCC tissues, but its expression 
was increased from 2- to 50-fold in about 70% of tumors. 
Immunohistochernistr>' then showed that the same anti- 
bodies stained only a few cells in the basal layer of normal 
squamous epithelium but intensely marked tumor cells. In 
the lymph node metastases of Met-positive tumors, recep- 
tor expression was maintained and sometimes increased 
with respect to primary tumors, Immunohistochemical 
analysis of the metastatic lymph nodes showed that cells 
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were negative in the normal lymphatic tissue and strongly 
stained in tumor cells. Over-expression of the Met/HGF 
receptor was found at all tumor stages but was more sig- 
nificant in those associated with enlarged or multiple 
(N2-N3) lymph node metastases. These data show that 
expression of the Met/UGF receptor may be involved in 
the progression of HNSCC towards a metastatic pheno- 
type and may be a useful marker of head and neck, tumor 
cell spread to regional lymph nodes. 

Key words Lymph node metastases • MET oncogene • 
Head and neck squamous cell carcinoma • Hepatocyte 
growth factor receptor 



introduction 

The c-MET oncogene [6] encodes a transmembrane tyro- 
sine kinase, which has now been identified as the receptor 
for hepatocyte growth factor (HGF) or "scatter factor" 
(SF) fl4]. This receptor (Met/HGF receptor) is an ap 
complex of 190 kDa and is composed of an extracellular 
50 kDa a-chain and a 145 kDa [i-chain [13] that spans the 
plasma membrane and shows tyrosine kinase activity 
[20]. These two chains are disulfide-linked. The ligand of 
the receptor encoded by the MET gene, HGF/SF, has 
pleiotropic effects on epithelial cells. It is mitogenic <md 
also stimulates cell motility, dissociation of epithelial 
sheets and invasion of the cellular matrix [26]. 

The Met/HGF receptor plays a significant role in cell 
physiology during development and tissue regeneration 
and is expressed in several normal human epithelial tis- 
sues, including those of the liver, kidney and lung [9, 22]. 
Activation of the Met/HGF receptor kinase leads to un- 
controlled proliferation of cells. The over-expression of 
the Met protein is most probably sufficient for the consti- 
tutive activation of Met kinase with the MET oncogene 
activated by amplification or structural alterations of die 
extracellular domain of the receptor. 

Activation of the c-MET oncogene has been related to 
tumor cell invasiveness and metastasis on the basis of ex- 
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periments carried out in animal models and cells cultured 
in vitro. We have shown that the c-MET gene is often 
over-expressed in human carcinomas [10, 1 1]. In colorec- 
tal carcinoma, for example, the expression of the MET 
gene was increased from 5- to 50-foId in about 50% of tu- 
mors and in 70% of liver metastases. While over-expres- 
sion was associated with amplification in only 10% of 
primary tumors, 8 of 9 liver metastases showed amplifica- 
tion (2- to 3-fold) of the MET gene (1 IJ. These data sug- 
gest that the MET oncogene and its ligand HGF/SF may 
be involved in the onset, and, more probably, progression 
of human cancers of epithelial origin to confer a selective 
growih advantage to neoplastic ceils. 

Cancers of the head and neck represent a number of 
diseases that share similar biological, pathological and 
clinical features [24]. The great majority of these tumors 
derive from squamous epithelium and disseminate pri- 
marily to regional lymph nodes. Since disease evolves 
through metastatic spread in lymph nodes, a correct as- 
sessment of its extent and lymph node involvement is of 
great importance for the effective clinical management of 
patients. In so doing, the UvSe of molecular markers to de- 
tect lymph node metastases may help in diagnosis and 
planning therapy. Oncogene abnormalities are the most 
useful cancer markers, since they are directly correlated to 
the presence of transfonned cells and may help in identi- 
fying a low number of transformed cells in a normal con- 
text. In this study, we examined a series of tissue samples 
taken from 34 patienLs with head and neck squamous cell 
carcinomas (HNSCC) and 17 lymph node metastases for 
the expression of the Met/HG f receptor. 



Materials and methods 

Tissue specimens 

Tumor and nomiai tissues were obtained from the University of 
Turin pathologist at the time of surgery on patients (Table 1). Hach 
specimen was treated according to its subsequent use. Samples 
were snap-frozen and pulverized in the presence of liquid nitrogen 
for Western blot analysis, omidiine carbamyhmnsferase-compound- 
embedded (O.C.T. compound, MilCvS Diagnostics Division, Elk- 
hart, Ind., USA) and immediately frozen for immunohistochcm- 
isiry. Tissues were paraftln-embeddcd for histological examina- 
tions. 



Table 1 Tissue/organ sites examined for tumor Met/HOF receptor 
expression 



Site 


Number 


Lymph node 






metastases 


Oral cavity 


7 


3 


Oropharynx 


6 


4 


Hypopharynx 


6 


4 


Larynx 


15 


3 


Cervical esophagus" 


i 


1 


Not defined 




2 



"Tumor in same patient with hypopharyngeal cancer 



Antibodies 

DQ13 anti-M<?^/HGF receptor monoclonal antibodies (mAbs) were 
used for Western bloi analysis and were raised against a peptide 
corresponding to 19 C-tcrminai amino acids (from Ser*^'^ to 
Sg!3!H)) of the human receptor (European Molecular Biology Labo- 
raloi7 CEMBL) Data Bank reference no. X54559J. D L2I mA bs 
(used for Western blot analysis) and DC)-24 (used forlmrnundHis- 
tochemistry) were both directed agaiiist il5ccxtraceliular domain of 
the Met/HGF receptor. Both 1X313 and DL2I antibodies for mole- 
cular analysis were employed to cotifirfn that the receptor did not 
undergo major structura] alterations. All antibodies were kindly 
provided by Dr. M. Prat and were raised as described elsewhere 
[21J. 



Western blotting 

Tissues were pulverized in the presence of liquid nitrogen in a B- 
Braim Mikro Dismembrator and then solubilized in boiling sodium 
dodecyl sulfate-containing buffer with p-mercaptoethanoi as re- 
ducing agent. Under these conditions, the 50 kDa a- and the 145 
kDa p-chain, which constimtc the 190 kDa receptor^ were distinct. 
Equal amounts of proteins {300 jJg) were loaded into each lane. 
Proteins were separated in polyacrylamide gel electrophoresis and 
transferred to nitrocellulose membrane. Western blot analysis was 
carried out as previously described [9], Blots were probed with 
anti-Me//HGF receptor protein antibodies and then with horserad- 
ish pcroxidase-conjugated rabbit anti-mouse immunoglobulins, 
and revealed by enhanced chemiluininescence (ECL, Amersham). 
The relative expression of the receptor was quantified by laser den- 
sitometric scanning of X-ray films. Pathological tissues were al- 
ways compared to normal muccsa and unaffected lymph nodes of 
the same patient as a control. 



immunohistochemisiry 

Fresh tissue samples were snap-frozen in the presence of cryop- 
reservam. Five -micrometer cryosvai seciion-s were fixed in coid ab- 
solute acetone far 10 rriin. AH stains were performed with a mix- 
ture of D024, DO 13 and DL21 mAbs as hybridoma supcmatanis. 
Control samples were incubated with an unrelated mAb of the 
same isotype. Selected specimens were stained with immunoper- 
oxidase using the ABC Dako Lsab 2 kit according to the manufac- 
turer's instructions. The enzymatic activity was developed using 
diaminobenzidine as chromogenic substrate for 10 min. Slides 
were then rinsed with phosphate-buffered saline and counter- 
stained with Mayer's hematoxylin. 



Results 

Table I lists the main clinico-pathologlcal features of pa- 
tients and tumors: an increase in expression of the c-MET 
gene was detected in more than 75% of the carcinomas 
examined. The level of over-expression ranged from 2 to 
50 times compared to normal tissues {Fig. 1). A single 
sample of mucosa conlaining high-grade dysplasia and 
one case of adenocarcinoma of the nasal fossa showed no 
expression of the receptor, while a peristomail recurrence 
showed an increased level of Met/HGF receptor expres- 
sion with respect to the primary lesion in both Western 
blot and hisiopathological analyses (data not shown). The 
MetfHGF receptor was detectable at a very lev/ level in a 
few of the normal tissue samples. 

Table 2 and Fig. 1 show that the Mer/HGF receptor was 
consistently detectable in metastatic lymph nodes, whereas 
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Table 2 Clinico-pathological 
features of squamous cell car- 
cinomas of the head and neck 
over-expressing the Met/HGF 
receptor using Western bloi 
analysis for HGF-R 



^ Met/HGF receptor expression 
scores were: {+) = 2- to 5-fold 
increase, (++) = 5- to 10-fold 
increase, (+++) = >l6-foid in- 
crease 

^NED no evidence of disease, 
DOD dead of disease. LWD 
living with disease 
''Tumor recurrence afler 
fronto-lateral lao'ngectomy in 
1993 for a pTlpNO cancer 
^' Patient underwent hernilar>*n- 
gectorny in 1982 aiid total la- 
ryngectomy in 1985; inter- 
leukin'-2 ireatment was given 
before iiurgery for the current 
tumor (5()0() Tli per 10 injec- 
tions) 

* Lymph node metastasis was 
delected 6 months after surgery 
and patient was then treated 
with radiotherapy 
^Surgery included laryngec- 
tomy plus radiotherapy in 1989 
^ Lymph node metastasis was 
from an unknown primary tu- 
mor 

^ Tumor was carcinoma in a 
mixed malignant tumor in a 
minor salivary gland 
I Lung metastases after surgery 
j Cervical adenopathy; hcmila- 
ryngectomy performed in 1984 
^ Chemotherapy was given 
before surgery, using CDDP + 
5-FU 







SI iff* 


Stage (pTNM) 


rior-K* 


Follow-Up'* 


GA 


57/M 


Larynx 


n>T4DN0* 


G2 


4- 




GB 


68/M 


Oropharynx 


pT4DN2b 


G2 


t 


NFD 






Synchr. lymph node metastasis 




•f 




PE 


48/M 


Hypopharnynx and esophagus 


pr4pN2c 


G3 


-♦■ 


DOD 






Synchr. lymph node metastasis 
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it was never seen in the unaffected ones. The level of ex- 
pression of the receptor in the metastatic nodes was simi- 
lar to and sometimes higher than that found in the corre- 
sponding primary tumor. Three enlarged nodes suspected 
to be metastatic were negative on molecular analysis. 
Hisiopathological examination confirmed this diagnosis. 



Immunohistochetnistry showed that the Mer/HGF recep- 
tor in normal epithelium was localized as weak positive 
staining in the basal layer. Nine of 12 primary tumors ex- 
amined showed an increased homogeneous staining that 
was evident as both membrane and cytoplasmic staining 
of neoplastic cells. The stroma was stained negatively in 
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Fig. 1 Western blot analysis of 
samples of primary squamous 
cell caicinomas of the head 
and neck (ca.) and metastases 
{mt6\) compared to samples of 
normal mucosa (wmc.) and un- 
affected lymph nodes {lymph). 
Initials at the top of the lanes 
Indicate different patients. The 
PQ-13 ajitibody, recognizing 
the pl45 }3 chain and the pi 70 
precursor, was dircctexl against 
vhc C-terminal tail of the 
Mei/HGF receptor 
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Fig. 2 A, B Pattem of Me// 
HGF receptor immunostaining 
in primary HNSCC. ABCim- 
munoenzymatic method. A Neo- 
plastic cells arranged in thin 
cords and a pscudoglandular 
pattern. The surrounding 
stroma is negative (x 63). 
B Strong positivity displayed 
by neoplastic ceils arranged in 
sheets (x 63) 




all cases, whereas a weak positive staining was displayed 
in vessels as the (probable) result of endothelial cell posi- 
tivity [41. The intensity of the reaction showed case dif- 
ferences, but was consistent with the quantitative data ob~ 
tained with Western blot analysis. In primary carcinomas, 
MeZ-posilive neoplastic cells formed pscudoglandular 
structures (Fig.2A) or sheets or nests (Fjg.2B). In the 12 
metastatic lymph nodes examined, neoplastic cells repro- 
duced the histopalhological features and receptor positiv- 
ity levels of the corresponding primary tumor, although 
staining was frequently more intense in nodes. By con- 
trast, immunohistochemistry showed that unaffected areas 
of lymph nodes were completely negative. 

T and N staging was also related to the level of Met/ 
HGF receptor expression. Clinically, Met/HGF receptor 
over-expression was associated with disease at any stage, 
as classified according to American Joint Committee on 
Cancer (AJCC) criteria. Although only a small number of 
cases was examined, a correlation was found between 
Met/HGF receptor over-expression and the tendency of 
HNSCC to result in multiple metastases {Table 2). Statis- 
tical analysis using the test (with Yates correction) of 
pN2 and pN3 tumors versus pNO-pNl tumors confirmed 
this trend (P < 0.1). 



Discussion 

It is our belief that cancer is a multistep process and the 
product of the accumulation of many genetic alterations in 
affected cells. Usually, this process takes place over a 



span of years and results in the loss of a cell's "social*' 
control. Under physiological conditions, iniercelhiiar 
comniunlcalion is njediated by growih factors, which ini- 
tiate a signal that is amplified by intracellular signal ef- 
lectors. Signalling passes through growth factor receptors 
spanning the plasma membrane to the nucleus. 7'hese re- 
ceptors are therefore a check-point for cell proliferation 
and differentiation. Alteration of the genes stimulating or 
suppressing cell growth and differentiation leads to the 
emergence of a neoplastic cell clone. These genes (or 
oncogenes) encode proteins directly related to pathogene- 
sis of the disease, with these proteins serving as the most 
useful tumor markers. 

The cuiTent practice of using molecular markers has 
helped not only in understanding the molecular changes 
related to the basic biology of human tumors, but also in 
decisions related to clinical management. Cancer manage- 
ment is now developing into four main branches: (!) pre- 
vention; (2) early detection; (3) improvement in the accu- 
racy of diagnosis; (4) new therapeutic strategies adjuvant 
to conventional therapies. The use of oncogene proteins 
as molecular markers in studying each of these steps will 
lead to improved ways of treating disease. 

The study of oncogenes in HNSCC may provide in- 
sight as to what determines growth and progression of tu- 
mors. Genetic studies have shown that certain chromoso- 
mal abnormalities recurred in HNSCC (1, 3, 12, 16]. Ab- 
normalities of specific oncogenes have also been reported, 
including over-expression of growth factors and growth 
factor receptors [15, 24], We investigated the role of a 
growth factor receptor encoded by the MET oncogene in 
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HNSCC and their metastases, since this receptor has been 
previously related to progression towards metastasis in 
the pathogenesis of human cancer. In vitro experiments 
showed that the Met receptor and its ligand HGF mediate 
the ability of transformed cells to invade reconstituted 
bjusement membranes. Experimental models showed that 
activation of the receptor confers to neoplastic ceils the 
ability to metastasize. The Met/HGF receptor is over-ex- 
pressed in human cancer of a specific histotype and is am- 
plified in hematogenous metastases. 

Our findings show that the Met/llGV receptor is ex- 
pressed in HNSCC or can be over-expressed at a high 
level in a few cases and this expression is constantly 
maintained or increased in synchronous metastases. Two 
metachronous metastases also showed over-expression. In 
our series, Met/HGF receptor over-expression was found 
in tumors classified as N2 or N3. This .is intriguing, as N 
staging of HNSCC not only can be correlated with patient 
outcome [25], but also provide criteria for planning treat- 
ment [17]. Follow-up of larger series is necessary to es- 
tablish if this marker and its level of expression might also 
help in prognostic evaluations. 

Whatever the clinical significance of our data might 
be, the Met/HGF receptor can be used as a marker for the 
presence of metastatic cells in lymph nodes. Histopatho- 
logical examination of the tissue samples analyzed in our 
cases of HNSCC consistently paralleled our molecular di- 
agnoses of metastatic lymph nodes. When the receptor 
was over-expressed in primary tumors,, it was invariably 
detectable in metastatic cells iri the nodes studied. In three 
cases, enlarged lymph nodes were excised at surgery and 
examined for suspecied metastasis. An accurate immuno- 
histochemical and histopathological examinaiion did not 
detect any tumor cells in the latter nodes or in many other 
nodes of the same patient. Receptor was also not detected 
by protein analysis in the same enlarged nodes. This result 
may help in diagnosis since a high percentage of primary 
tumors do express the receptor, and this is reflected in 
lymph nodes positive for metastatic disease. 

When used together, the HGF and Met receptor can be 
considered potential molecular targets for new therapeutic 
approaches. HNSCCs are characterized by such patliolog- 
ical findings as extracapsular invasion, neurotropism and 
microscopic residual disease. Persistent disease necessi- 
tates innovative therapies that intervene at molecular lev- 
els. In addition, recurrences of HNSCC are commonly 
predominantly local or regional, pointing to regional 
lymph nodes as primary targets for therapy. Treatment 
strategies now being designed include targeting with 
monoclonal antibodies f2, IS], somatic gene therapy |5, 
19] and local immunotherapy [7, 8, 23] for microscopic 
residual disease or lymph node micrometastases. dayman 
et al. (51 reported that the in vivo introduction of a wild- 
type p53 via an adenoviral vector stops cell growth re- 
gardless of the endogenous p53 gene status of tumor cells 
and induces morphological changes consistent with apop- 
tosis. In vitro studies show that inhibition of tumor growth 
may also be related to the arrest of the Gi cell cycle or to 
the induction of another tumor suppressor gene, such as 



WAFIfCIPL Another promising approach to HNSCC 
management comes from the application of mAbs di- 
rected against epidermal growth factor receptor (EGFR). 
In vitro and in vivo studies have shown that these anti- 
EGFR mAbs inhibit tumor growth inducing terminal dif^ 
ferentiation [18]. These antibodies may be of help in the 
management of tumor control either alone or conjugated 
with cytotoxic agents. 

Present therapeutic approaches for cancer have devel- 
oped from the expansion of fundamental knowledge of tu- 
mor biology rather than from empiric observations. Thus, 
our findings that the MetfHGF receptor marks HNSCC' 
cells metastasizing to Ijmiph nodes might be applied not 
only to larger diagnostic and prognostic studies, but also 
for planning novel therapeutic strategies. 
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Abstract: ...said nanoparticles to a ligand specific for alpha v beta 3 
integrin, other than an ***antibody*** . The nanoparticles may further 
include biologically active agents, radionuclides, or other imaging agents. 

Exemplary Claim: 

...alpha V beta 3 integrin, with the proviso that said ligand is other 
than an ***antibody*** or fragment thereof. 
Non-exemplary Claims: 
. . .method of claim 6, wherein said nanoparticles further include at least 
one magnetic resonance imaging ( ***mri*** ) contrast agent... 

...9. The method of claim 8, wherein said ***mri*** contrast agent is a 
chelated paramagnetic ion. . . 

...10. The method of claim 9, wherein said chelating agent comprises 
diethylenetriaminepentaacetic acid or 

1 , 4 , 7, 10-tetraazacyclododecane-l, 4 , 7, 10-tetraacetic acid and the 
paramagnetic ion is ***gadolinium*** ion. . . 
...for alpha v beta 3, with the proviso that said ligand is other than an 
***antibody*** or fragment thereof... 

...composition of claim 27, wherein said nanoparticles further include at 
least one magnetic resonance imaging ( ***mri*** ) contrast agent... 

...30. The composition of claim 29, wherein said ***mri*** contrast agent 
is a chelated paramagnetic ion... 
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Non-exemplary Claims : 
...composition of claim 1, wherein said nanoparticles further include at 
least one magnetic resonance imaging ( ***mri*** ) contrast agent... 

...5. The composition of claim 4, wherein said ***mri*** contrast agent is 
a chelated paramagnetic ion. . . 

...6. The composition of claim 5, wherein said chelating agent is 
diethylenetriaminepentaacetic acid and the paramagnetic ion is 
***gadolinium*** ion. . . 

...11. The composition of claim 1, wherein said targeting ligand is an 
antibody, a fragment of an antibody, an aptamer, a hormone, 
peptidomimetic or a receptor ligand. . . 

...12. The composition of claim 11, wherein the targeting ligand is an 
***antibody*** or fragment of an ***antibody*** 

* • ■ 

...13. The composition of claim 12, wherein said ***antibody*** or fragment 
is humanized 
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Magnetic Resonance Imaging Studies on Nude Mice 
Grafted with Colorectal Adenocarcinoma Using 
Gadolinium-Labeled Monoclonal Antibody 

J. C. SACCAVINI,* C. CURTET.t J, BOHY,* C. TELLIER,t C. BOURGOIN * AND J, M. LHOSTE§ 



Saccavini JC, CuHet C, Bohy J, Tellier C, Bourgoin C, Lhosle 
JM. Magnetic resonance imaging studies on nude mice grafted 
with colorectal adenocarcinoma using gadolinium-labeled mono- 
clonal antibody. Invest Radiol 1988;23(Suppl 1):S292-S293. 

A monoclonal antibody (Ab) 19.9 specific for colorectal carcino- 
ma was labeled with a high number of gadolinium (Gd) atoms for 
its potential application as a contrast agent in magnetic resonance 
imagmg (MRI). The DTPA was coijugated to 19.9 Ab via tiie 
bicydic DTPA anhydride method (cDTPA) using c.DTPA/Ab 
molar ratios between 5 and 150. The aggregates present in great 
amount at high cJDTPA/Ab ratios were systematically removed. 
Then the exact number of DTPA effectively conjugated, the 
inununoreactivity of the resulting >^^In-DTPA-Ab were measured* 
The number of DTPA conjugated per antibody can be increased 
20 to 25 with only a little loss of immunoreactivity. The 19.9 
antibody conjugated with 16 and 25 DTPA was labeled with 
i^GdO} for pharmacokinetic studies on xenografted nude mice 
and with nonradioactive gadolinium to measure ex vivo the effect 
on the relaxation time Tl of the tumor. We found a 15 to 20% 
decrease of Tl on the tumor. In vivo experiments using a Bruker 
system and the same animal model showed a difference in the 
tumor contrast after the injection of 2 mg of Gd-labeled Ab. 

SCINTIGRAPHY IS A very sensitive technique. A specific 
accumulation of a small amount of radiolabeled anti- 
bodies (about 10'^^ radioactive atoms) is sufficient to get an 
external image of the tumor. Magnetic resonance imaging 
(MRI) needs at least 10"^ paramagnetic atoms in the tumor 
to get a contrasted imaged between the two imaging 
methods the difference in sensitivity is about 10^ To succeed 
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in MRI with antibodies, we have to consider the following 
parameters: to increase the quantity of antibody injected, to 
choose antibodies that recognize a high number of antigenic 
sites per tumor cell, and to label each antibody with a high 
number of gadolinium (Gd) atoms. 

This last point, the labeling of antibodies with a high 
number of gadolinium atoms via bifunctional chelates was 
considered. The DTPA was conjugated to 19.9 antibody 
(Ab) specific for colorectal carcinoma via the bicyclic 
DTPA anhydride (c.DTPA conjugation on antibody 
immunoreactivity, various c.DTPA/Ab ratios were used. 
The high cDTPA/ Ab ratios resulted in the formation of 
aggregates which involve a decrease in antibody immuno- 
reactivity (Table 1). But when the aggregates were removed 
(5 DTPA) 19.9 Ab and (7,6 DTP A)-19.9 Ab recovered 70% 
of immunoreactivity. So the major problem in the decrease 
of the immunoreactivity is the presence of aggregates. 

A study with higher c.DTPA/Ab ratios was performed 
to determine the influence of the number of DTPA conju- 
gated per antibody on the immunoreactivity. For this study, 
the aggregates were systematically removed by gel filtration, 
then the exact number of DTPA conjugated per antibody 
was determined using a titration method based on a compe- 
tition between In Cla and radioactive carrier free "^InCb. 

The immunoreactivity of each antibody labeled with "'in 
was measured by affinity chromatography and the tumor 
uptake was measured after injection on xenografted nude 
mice (Table 2). 

Many reports indicate that the number of DTPA conju- 
.gated per antibody do not exceed two^ but if we take care to 
remove the aggregates, the number of DTPA conjugated 
per antibody can be increased 1 5 to 20 with only a little loss 
of immunoreactivity. 
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TABLE 1. Effect of DTPA Conjugation on 
Antibody Immunoreactivity 



Aggregates 

cDTPA/Ab No. of DTPA U.V. 

Ratios Conjugated Determination Immunoreactivtty 

72% 

5% 70% 

10%-15% 64% 

16%-20% 63% 



2.5 
5 

10 
20 



1 

1.8 
5 

7.6 



TABLE 2. Effect of the Number of DTPA Conjugated per 
Antibody on Immunoreactivity and Tumor Uptake 



cDTPA/Ab No. of DTPA %of 
Ratios Conjugated Aggregates 



Immuno- 
reactivity 



Tumor 
Uptake 
Injected 
dose/g 



5 

50 
100 
150 



2 
16 
25 
50 



<1% 
4% 



3% 



70% 
60% 
33% 

15% 



4.23% 
3.21% 
2.70% 
1.08% 
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Fig. 1, Tumor area. (A) Nude mice without injection, (B) Nude 
mice with 2 mg-lnjectlon antibody Gd-DTPA. 



TABLE 3. Relaxation Time T1 of Water Proton in 
Human Tumor Grafted In Nude Mice 



Measure of T1 at 90 MHz 



Normal tissue 


T1 (ms) 


colon 


470 ±45 


Human tumor 




HRT18 + 1d.9 Ab 


1228 ±13 


HRT18 + Qd CI3 


1205 ±13 


HRT18 + Gd-DTPA 


1239 ±23 


HRT 18 + Gd-16DTPA-19.9Ab 


1048 ±29(C^15%) 


Measure of T1 at 20 MHz 


HRT 18 


858.5 


SW948 


881 


HRT 18 -f Gd-25DTPA-19.9Ab 


756 (012%) 


SW 948 + Gd-25DTPA-19.9Ab 


694 (021%) 



The 19.9 antibody chelated with 16 DTPA and an irrele- 
vant antibody (antihepatitis A2C6) also conjugated with 16 
DTPA were labeled with ^"Gd CI3 with a labeling efficiency 
of 50%. The pharmacokinetic studies showed a specific 19.9 
antibody uptake by the tumor (5,08%for 19.9 vs. L92%for 
A2C6), whereas the liver (4. 12% vs. 4.52%) and blood (1 .65% 
vs. 1,72%) uptake was the same. The same 19.9 Ab conju- 
gated with 16 and 25 DTPA was labeled with nonradioac- 
tive gadolinium with a labeling efficiency of 90%., These 
antibody solutions were infused into nude mice xenografted 
with two human colic tumors HRT 18 and SW 948. One 
day after the injection of 2 mg of antibody solution in 0.3 
mL, the tumors were removed and the relaxation time Tl 
measured at 90 MHz and 20 MHz using the inversion 
recuperation method. Using the Gd.l6 DTPA-19,9 Ab 
solution and HRT 18 ccUlinc a 15%tumorTl decrease was 
observed at 90 MHz, using the Gd-25 DTPA-19.9 Ab 
solution and Sw 948 ceU line a 21% tumor Tl decrease was 
observed at 20 MHz (Table 3). ^ 

MR scanning was performed using a 4.7-T Bruker 
Instrument. Spin-echo phase sequeiices (Tr500, Te30 ms) 
were used. 

The animal was disposed m a Plexiglas box which held 
the animal rigidly. Transverse and coronal 4-mm sections 
were performed. Significant differences in the tumor con- 
trast were observed between nude mice injected with 2 mg ot 
gadoUnium labeled antibody and nude mice alone or 
injected with Gd-DTPA (Fig. 1) 
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MRI Contrast Enhancement by Gd-DTPA-Monoclonal Antibody 
in 9L Glioma Rats 

A. Matsumura^ Y. Shibata, K. Nakagawa, and T. Nose 

Department of Neurosurger)', Institute of Clinical Medical Science. Universit>' of Tsukubu, Tsukubu, Ibaraki, Japan 



Summary 

To achieve a tissue-specific enhancement in diagng^is of brain 
tumor, a magnetic resonance imaging (N'IRI) study was performed 
using conjugate of Gd-DTPA and monoclona) cmtibody CMoAb) 
against 9L glioma cells. Fisher 344 strain rats were used for this 
study. MoAb against 9L glioma cells wa.$ conjugated with Gd- 
DTPA according to the method of Hnatovvich etal. (1983) and used 
for the MRI study. The gadolinium (Gd) concentration in the Gd- 
MoAb injected to the rats was 0.01-0.03 mmol/kg. The enhance- 
ment effect increased gradually and persisted for 24 hours after the 
injection. This was longer than Gd-DTPA, which showed a peak of 
enhancement effect within 30 minutes after injection and was 
washed out within 120 min. This result was compatible w ith scin- 
Ugraphy studies using '^I labeled anti 9L monoclonal antibody, in 
which the accumulation of the '^I antibody increased at 24. 48 and 
72 hours after the injection. By using tumor-specific contra.^t agents 
such as Gd-MoAb, it niay be possible to differentiate among tumor, 
perifocal edema and radiation injur)'. 

Keywords: Magnetic resonance imaging: brain tumor; mono- 
clonal antibody; gadolinium. 



Introduction 

Gadopentaie dimegulumine (Gd-DTPA) is widely 
used as a contrast agent for magnetic resonance imag- 
ing (MRF). Gd-DTPA is useful in delineating the mar- 
gin of the tumor on Tl -weighted images. 

However, it is known that Gd-DTPA crosses the 
damaged blood-brain barrier (BB6), and thus infarc- 
tion area and radiation necrosis are also enlianced by 
Gd-DTPA. Therefore, the developement of tissue-spe- 
cific contrast agents deser\'es considerable attention 
due to their specificity to the tumor. The use of mono- 
clonal antibody as an MRI contrast agent in subcutane- 
ous tumor in nude mice has been successful. In the 
present study, we demonstrate the tumor-specific en- 
hancement of intracerebrally transplanted 9L glioma 



tumor in Fisher 344 rats and discuss the usefullness and 
limitations of this contrast agent. 

Materials and Methods 

Monoclonal antibody (MoAb) against 9L glioma cells was pro-- 
duccd by u.sing hybridoma of Balb/c mouse spleen cells and P3U1 
myeloma cells. 

For the scintigraphy study* '-'I labeled monoclona] antibody to 
9L was used. Non*>pL*cific IgG waj, also labeled by '••^land served as 
a control. Scintigraphy was performed in Fisher rats with subcuta- 
neous 9L uimor. 

The Gd-MoAb was conjugated according to the method of Hjia- 
towich et ai. (1983)\ DTPA anhydride and 9L monoclonal anti- 
body were first conjugated, and then, in order to remove the excess 
DTPA, gel Titration through a Sephadex G-50 was perfonned. Next. 
Gd-ncetate was added to label DTPA-MoAb with Gd. The fmal 
molar ratio was 1:1. 

For the experimental brain tumor model. Fisher 344 .strain rats 
were used. I x lO-VlO Ml 9L glioma cells were innoculated into the 
brain parenchyma at a depth of 5 mm from the surface through a 
burr hole near the coronal suture using a stereotactic manipulator 
with a 27G fine needle. 

MR] was performed 14 days after the innoculation under general 
tuiesthesia by pentobarbital with h'pontuneous breathing, MRI was 
performed by a BMT24/40 superconducting MRI system (Bi-uker 
Co.. Ltd.. 2.4T) by using spin echo imagc!> for Tl -weighted (Tr/Te 
= 512/28) and T2- weighted (Tr/Tc = 2040/80) images. Tlic en- 
hancement efiect of Gd-MoAb was compaicd with that of Gd- 
DTPA. 

After MRI analysis, the rats were :»acrlticed using an overdose of 
pentobarbital. Tumor, brain, ^kin, liver, kidney and tierum were 
sampled and immediately kept in a deep freezer until being used for 
the analysis. Gd concentration.<i in the tissue were mea.^ured by an 
ICP-analyzcr (Seiko Electric Co., Ltd.. SPS 1200.A). 

Results 

'-7 MoAb Scmtigraphy Study 

After injection of '*^l-MoAbj the rats were serially 
evaluated by .scintigraphy. As .shown in Fig. 1, '25i. 



MRI Contrast Enhancement by Gd-DTPA-Monoclonal Antibody 

MoAb to 9 L cells (left side) accumulated in the tumor 
(black arrows) and in the liver after 48 hours, while 
nonspecijfic IgG (right side) showed no accumulation 
in the tumor (white arrows). 

MRI Study 

The gadolinium concentration in the Gd-MoAb in- 
jected to the rats was .0.01-0.03 mmol/kg. The en- 
hancement effect of Gd-MoAb increased gradually 
and persisted for 24 hours after the injection (Fig. 2), 
although the change in intensity was rather weak com- 
pared to that of Gd-DTPA. Gd-DTPA injected at 0.1 
mmol/kg showed a peak of enhancement effect in the 
tumor within 30 minutes after injection, and there was 
almost no enhancement effect after 120 minutes. 

Tissue Gd Concentration 

The tissue concentration of Gd in the Gd-DTPA 
group rapidly increased in the serum, kidney and tu- 
mor, while there was only very low accumulation in the 
normal brain. The peak concentration of gadolinium in 
the tumor was 18 ppm. The clearance of Gd-DTPA 
firom all tissues was fairly rapid. Unlike Gd-DTPA, 
Gd-MoAb did not accumulate in the kidnev, but main- 
ly in the liver. The gadolinium concentration in the 
nimor was below 0.03 pg/g tissue throughout the entire 
time course in the majority of cases. The accumulation 
of gadolinium in the liver slowly increased after injec- 
tion and reached about 40 ppm after 48 hours. 

Discussion 

Monoclonal antibody to 9L glioma cells exhibited a 
.specific binding activity to intracerebrally transplanted 
experimental tumor cells evaluated by both scintigra- 
phy and MRI. 

The enhancement effect of Gd-MoAb on MRI con- 
tinued for 24 hours after injection. This result was 
compatible with a scintigraphy using '^I labeled anti- 
9L monoclonal antibody study in which accumulation 
of the *^-MoAb in the tumor relatively increased at 
24, 48 and 72 hours after the injection. The results 
indicate tissue-specific binding activity and this may 
be useful in differential diagnosis of various types of 
tumor and/or damaged blood-brain barrier (e.g. cere- 
bral infarction and radiation necrosis). 

The increase of signal intensity of MRI was rather 
weaken with Gd-MoAb than with Gd-DTPA. This is 
thought to be due to the amount of Gd given to the rats. 
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Fig. 1. *-I scintigraphy of 9L monoclonal antibody (leA side) and 
non specific IgG (right side) in 9L tumor-bearing rats. Note the 
accumulation in the tumor (7). with monoclonal antibody (black 
arrows), but no accumulation with IgG (white airows). L liver, 
r thyroid 




Fig. 2. MRI showing the 9L tumor. Upper row showing pre-contrast 
Tl image (left) and T2 image (right). After injection of Gd-MoAb, 
the tumor is enhanced aftr 10 min, and also after 24 hours 



Gd-DTPA is used at 0.1 mmol/kg in clinical settings, 
and so this concentration was used in this study. Gd- 
MoAb could be administrated at only 0.01 -0.03 mmol/ 
kg in the present study due to the technical limitations 
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of injecting a large amount of Gd-MoAb to the rats, 
i^nother reason for the faint and delayed enhancement 
effect is the high molecular weight of Gd-MoAb. 
While the molecular weight of Gd-DTPA is only 743, 
that of Gd-MoAb is about 160,000. which is 200 times 
that of Gd-DTPA, and therefore its uptake in the tumor 
limited. 

Gd-MoAb enhancement has been succesful in vail- 
ous subcutaneous tumors using nude mice'. Another 
study using normal hamsters and CEA failed to dem- 
onstrate a contrast enhancement^. As demonstrated 
from our data, for in vivo use of Gd-MoAb in subjects 
with normal immunological systems, the accumulation 
of Gd-MoAb in the liver makes it difficult to achieve 
sufficient accumulation of Gd-MoAb in the tumor it- 
self. To overcome this problem, several improvements 
has to be developed. Tbe intra-arterial administration 
of monoclonal antibody^, the use of only Fab frag- 
ments in order to decrease the molecular weight\ and 
the use of polylysine for more effective labeling of 
gadolinium^ are all under investigation. If these im- 
provements are succesful, tumor-specific contrast 
agents such as Gd-MoAb may become useful in the 
differential diagnosis of various types of tumor and 
also in the delineation of perifocal edema and/or radia- 
tion injury. 
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